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Foreword 


The objective of the authors and editors was the 
production of an Inter-Service Radar Manual dealing with 
generalities (excluding any discussion of particular 
equipments, which is better left to Service handbooks 
dealing with individual sets) and of such a standard as 
to permit its use for wide reading amongst personnel 
engaged in the use, repair and servicing of radar equip~ 
ment. 

In order to reduce the size of the book, relevant 
matter to hand in widely circulated Service handbooks 
has been excluded and previous acquaintance of the 
reader with one or other of these is therefore assumed, 
as is evidenced from references in the text. 

Certain portions of the book are starred thus:- 
xxx. #%ct is suggested that these portions should be 
omitted at a first reading or by readers who wish to 
avoid discussions which are largely of a mathematical 
nature. 

The first edition of this work was distributed in 
September, 1946. A number of minor amendments and 
corrections have been made in this edition and some new 
matter, namely, the Introduction and the chapter 


dealing with Range-heasurement, has been added, 
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INTRODUCTION 


1. GENERAL IDEAS 


(1) The term 'RADAR' is derived by telescoping the phrase “RAdio Detection 
4nd Ranging", retaining the letters indicated by capitals. It is properly 
applied to those systems and equipments which seek to locate objects by 
virtue of the radio~waves they emit when irradiated by a controlled source 
of radio-waves» Such reradiation may derive from the simple scattering by 
an object of a proportion of the primary radiation which it intercepts, in 
which case we have an example of a "PRIMARY RADAR SYSTEM", or this elementary 
response may be reinforced by secondary radiation, produced from within the 
object and released under the impact of the primary radiation, in which case 
we are dealing with a "SECONDARY RADAR SYSTEM". Other systems exist to 
which the description "radar" has been applied, particularly in the field of 
vadio=navigation, and which do not conform with the definition given; a 
situation due largely to the use of many common techniques in the two fields. 
The radar art is closely associated with radio direction-finding and radio 
Llonosphere-sounding, and the germ of many radar techniques may be traced 
back to these older arts; at the same time it should be pointed out that 
much of modern radar technique has been derived from specific radar research 
enterprises, and it is quite certain that the prolific developments in this 
field are now finding, and will continue to find, many diverse applications 
in other branches of radio and electronic engineering. 


(2) The location of an object, or objects, May arise as a radar problem in a 
variety of ways. In the simplest problems we may be concerned to discover 
when an objeot intrudes into the radar field of view, and be satisfied with 
very approximate information as to its relative position. At this level we 
are dealing with comparatively crwde anti-collision devices, cloud detectors, 
proximity fuzes and so one In more complex problems we may be required to 
give continuous and precise information as to the relative positian of an 
object, as, for example, where accuracy and smoothness of data must provide 
an adequate basis for prediction and fire-control. Thus, position is a 
quantity which may be variously specified in different radar problems. For 
some purposes there will be a need to measure position relative to an 
observer (actual or hypothetical) situated in a moving aircraft, ship, or 
other vehicle, whilst for others position will be required as a map 
reference. In some cases complete information will be needed, whilst 
elsewhere information incomplete in itself, through lack of one or other 
co-ordinate of position, will not necessarily be disadvantageous. In all 
cases the accuracy of the information gained will be subject to limitations, 
to be ascribed partly to the design of the radar equipment, and partly to 
external circumstances, such as siting, weather and interference. To assess 
the adequacy of any equipment it will be necessary to compare its performance 
with that degree of accuracy actually required to perform the assigned tasks. 


(3) In establishing position, equipment may be required either to report 
whether there is any material object at an indicated position, or 
alternatively to provide signals which will give guidance as to how to 
proceed towards, or how to avoid, a selected position. Here arises a 
primary division of radar roles into searching and guiding. 


(4) A search may be carried out systematically by examination of radar 
information brought in repeatedly over a whole zone, this process being 
generally known as "scanning" when it is done automatically, or equipment 
may be allocated to the task of following up the movements of a selected 
object (the "target" ), a process known as "following" or "tracking". In 
both cases the amount of manual dexterity required and the work allocated 
to machines and to automatic control devices may vary widely from one type 
of equipment to another. A mobile search equipment may also be used in a 
navigational role, either by virtue of receiving a coded signal from a 
kmown source, or by making use of a scanning system giving such profuse 
information of objects on the ground 7 to render practicable identification 


with mapSe 
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(5) Guidance may be given in such a way as to facilitate movement towards a 
position where radar equipment may or may not be situated: in the foracr case 
the equipment being approached is known as a "beacon", ond in the latter case 
the equipment serves as a navigation device of wider apmlication. Beacons 
may also be fitted to friendly ai:craft, ships or vehicles so as to allow their 
identification when it may be necessary to distinguish friendly from hostile 


radar targets. 


(6) Meny radar equipments are arranged to fulfil a number of different roles, 
this being not only economical, but often necessary where saving of space and 
weight assume vital importance. On the other hand, where radar applications 


of the highest precision are encountered this view cannot logically be 
sustained. 


2. RADIO DIRECTION-FINDING 


(1) Simple direction-finding systems have been widely used as an aid to 
navigation by ships and aircraft for both civil and military purposes. The 
majority of these installations work with vertical polarisation at much lower 
frequencies than those used for radar purposes, and they determine the 
direction from which any wanted signal proceeds by the use of simple tynes of 
direational aerial systems; usually a screened loop or Adcock array. With 
such a system directivity is low, and is often best exploited by seeking a 
minimum, rather than a maximum signal. In addition to determining direction, 
these equipments can usually be made to give the sense (in front or behind 
associated with the direction found, by means of a second manipulation. 

Under these conditions direction-finding is a fairly leisurely process. 

Apart frou .avigational requirements, military applications of this type of 
direotion-finding are encountered in intercept receivers used for intelligence 
work, and examples of similar practice may be found amongst early radar 
receivers operating at low radar frequencies. These may survive in the 
field of long-range radar warning, provided time to observe and report is 
adequate, and if precise location is not required. 


(2) In order to determine position by means of a direction-finding equipment 
it is necessary to establish the bearings of two or more transmitting stations 
whose geographical locations are known, and this is a very cowmon practice, 
special transmitters being allocated for this purpose, which send out signals 
at standard times. Clearly the two or nore measurements required should be 
completed within a tine short enough to ensure that any change of position 
which may have occurred is insignificant in relaticn to the expected accuracy 
of determined position. Alternatively two or wore direction-finding 
receivers occupying fixed stations may be used to locate the source of a 
particular transmission, if the information obtained is passed to a common 
control-room. This method has also been used to assist navigators (by 
passing the information on to then by radio) as well as for intelligence 


purposes. 


(3) Both these systems involve co-operation between the users of the trans- 
mitters and receivers and thus differ fundamentally from radar detection 
systcoms, which depend only on the involumtary co-operation of "tarcets". It 
is this involuntary co-operation which has prompted the development of radar 
camouflage, and other counter-measures for use by or on behalf of potential 
"targets" which hope to evade location. 


3e RANGE-FPINDONG 


(1) Determination of position on a map by the direction-finding techniaue 
described is equivalent to solving a triangle from a knowledge of ome side and 
two angles, and this is a special case of the triangulation used for more 
general survey purposes, with the difference that optical e.uipment is 
replaced by radio equipment. It should be noted that in such systems 
distance to the position which is being located is derived, and not directly 
measured. ven in the specific instance of the optical “range-finder", an 
instrument widely used for military purposes, range is reavly derived from 
sngular measurements. In Fig.A, D °° the "base" of the range-finder 
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and R the range to be measured. The 
instrument is adjusted by altering the 
angle @ so that the same target is 
viewed in both telescopes. Here 

R =D cot O= ngwhere Gis the usual 
small angle. In this case the 
importance of possible errors can be 
estimated from:- 


DR sk 
Bp cot O = S 


DR _. 20... Bye _ FR 
bp 77D cosec’O = D1 + =) = 5 


Thus an error in the length of the 
base D introduces a range error 
proportional to R whilst an error in 
estimating @ introduces a range error 
proportional to R*. Dis at most a 
few feet, and O a matter of :vinutes 
and seconds of arc, so that the pre- 
cision required of such instruments 
taxes the skill and ingenuity of the 





Fig.eA: Principle of optical designer. 
range-finder 


(2) The unique factor in radar search systems, which distinguishes them 

most markedly from direction finders, lies in the use of the "echo principle" 
for range measurement. If electromagnetic radiation falls upon any material 
body the body will itself become, for the time being, a centre of reradiation, 
a phenomenon also known as reflection and as scattering. But waves take time 
to travel, thus if we can 'label' a particular bit of radiation as it leaves 
its source (a radar transmitter) with a view to identifying it, after the 
double journey to and from the material object (a radar target), by means 

of a suitable detector (a radar receiver), we can infer the length of the 
double path from a measurement of the time interval which separates these two 
events. ‘This presumes that we know in advance the velocity with which these 
waves travel, and further, if the corresponding calculated distance is to be 
of much use, that the propagation has been substantially rectilinear. 

For most practical radar purposes these assumptions can:be granted, and range 
errors can be reduced to negligible proportions for all save the most exacting 
radar roles. The “labelling is most simply effected by transmitting from 
time to time short bursts of radiation, which are known as "pulses", and by 
this means it is usually possible to observe the two events (original 
disturbance and echo) ‘quite independently. 


(3) The original development of such pulse-technique was directed towards 
the weasurement of the height of the ionosphere. Radar may be said to have 
emerged from the blending of the pulse-techniyues and display-systems used in 
sounding the Lonosphere with the aerial techniques of directio-finding. 


440 RADAR 


(1) The radar detection problem is much the same as the visual detection 
problem. It is primarily to ascertain the position of a radar target, and 
secondarily to identify it as being hostile or friendly, and if possible to 
give whatever information can be gathered as to its precise nature. To 
specify position completely three independent measurements (or co-ordinates) 
are required. For radar detection systems these are generally, and most 
naturally, the slant-range and the angles of elevation (or sight) and though 
for some purposes it is more convenient to use ground range, bearing amd 
height (or depression). Not all radar detection systems are designed to 
give complete inforwation, however, some giving slant-range and bearing 
only, others slant-range and angle-of-sight, or slant-range and clock-angle 
direction, or slant-range alone, or mere direction. Further, all measure- 
ments of position are in the first place relative to the situation of the 
radar equipment, whether this be mounted on a static site or in a mobile 
eraft or vehicle. 
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FigeB: Elements of pulse-modulated radar system 


(2) Wherever slant-range is required to be measured by a single detection 
equipment it is almost essential to use a pulse-modulated transmitter. This 
necessity arises not only in order to enable us to distinguish an echo from 
the original impulse, but also to differentiate from each other the several 
echoes which may be aroused by the same impulse. In other words pulse- 
modulation confers upon radar equipment the capacity for discriminating 
between targets at various ranges; it gives us the power of resolving 
irradiated targets in depth. Resolution does not in itself constitute a 
measurement of range, however, and to secure this for any individual echo 
it is further required to measure the time-interval elapsing between pulse- 
transmission and reception of the appropriate echo. For this purpose the 
radar receiver must incorporate suitable time-measuring devices, preferably 
a to give a direct reading of range for any echo under observation. 
Fig.8). 
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(3) A natural consequence of this division of time between an active 
transmitter and an active receiver is the use of a common aerial system for 
transmission and reception, as such an aerial can be used alternately to 
transmit and receive. Such systems are described as "Common T and R" or 
"duplex", and have iniportant advantages, particularly where space is ata 
prenium. (Fig.C). 


(4° To determine anvles we must rely on the discretional properties of 
aerial systems. These properties could be mainly provided in the transmitter 
(which would be most unusual), or mainly in the receiver, (as is occasionally 
done), or present wore or less equally in both, {as is the usual practice, 
and a natural consequence where a common aerial system is used for trans- 
mission and reception). The directivity is required to be mobile so that 
it can be brought to bear on any selected target, which means that the aerial 
system must be capable of performing suitable mechanical movements, or that 
an equivalent movement of directivity must be achieved by indirect electrical 
methods, or possibly that a combination of both methods must be employed. 

In any case a mechanical or electrical indicating device is of necessity 
associated with these aerial adjustments to permit measurement of the 
required angles. 


(5) Better directivity in a radar system increases its discrimation 
between targets occupying the selected direction and any which may be 
adjacent to it, which is to say that in radar practice angular resolution is 
improved mainly by diminishing the field of view available for each pulse. 
Improvement in accuracy of angle information is thus obtained by accepting a 
proportionate increase in blindness (a condition closely paralleled in 
theodilites and in searchlights). This problem can, however, be met by the 
use of a subsidiary radar equipment (sometimes called a "putter-on") 
proviced with no more directivity than is essential to help the more 
powerful instrument to find its target, or alternatively by conducting a 
systematic search with the latter equipment (a process of scanning) « 


(6) The problem of identification cannot be tackled by pure radar detection 
methods. This is because the resolving power of present radar equipments is 
in general far below that required for any examination of the fine structure 
of a target. To overcome this difficulty friendly targets can be equipped 
with an auxiliary radar transceiver equipment called a "transponder" and 
belonging to the class of equipment known as "radar beacons". Such an 
equipment is sensitive to radar transmitter pulses received over a 
restricted frequency-band, and these cause it to transmit a radar pulse of 
its own synchronised with the arriving radar signalse The responses can, 
however, be suitably coded to give a distinctive signal in the radar receiver 
concerned with making the identificatian. 


5 RADAR TARGETS 


(1) As already indicated, radar search systems are dependent for their 
success upon reradiation from radar-illuminated targets, a criterion whioh 
is equally applicable to searchlights in the appropriate part of the 
spectrum. In comparison with optical wave-lengths most material bodies 

are sufficiently large to have a characteristic appearance which leads to 
their easy recognition by observation from any angle; or in other words the 
tiny waves of light permit the resolution of fine detail. It is well-known 
that in the microscopic field all distinctive features gradually disappear 
as the size of objects under examination become progressively smaller. In 
the radar field, on the other hand, the wave-length of the radiation employed 
lies somewhere between a few centimeters and a few metres, and is quite 
comparable with the size of many radar targets. This considerably complicates 
the nature of the radar response. But first we shall consider limiting 
cases in which behaviour can be described in simple terms. 


(2) For a small object, i.e., one whose dimensions are small compared with 

a wave-length of the radar illumination, the incident waves flow around the 
object, hardly noticing its presence; the disturbance in the wave structure 
due to the presence of the object is comparatively triviel. Fron the small 
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scale of this disturbance it is fair to conclude that the wave is not only 
insensitive to the presence of the object, but also to its shapee For such 
an object it would appear that the most significant linear dimension which 
it possesses for radar purposes is given by the maximum length (1) which it 
can project on the wave front of the incident wave in the direction of its 
polerisation (FigeD), and that such limited reradiation as ocours would be 
comparable with that which would be produced by a short conducting rod of 
this length (1) placed at the same position, normal to the direction of 
propagation and in line with the electric field. For radar targets 
complying with chis specification the response will be equally simple, and 
will, in particular, be largely independent of any relative motions between 
various parts of the target provided that these make no significant 
difference to its silhouette. In this example simplicity of response is a 
direct consequence of the ignorance of the target shown by the incident wave, 
and is realised at a heavy price, this being the low sensitivity of radar 
equipment to this type of target, for which the echo power actually depends 


on 1, 


ELECTRIC FIELD 


MAGNETIC 
FIELD 





Fige.D: Simificant dimension of small redar target. 





(3) In the other extreme case, which is that of the object whose significant 
dimensions (including those of details) vastly exceed the wave-length 
employed, the radar problem resembles to some extent that of viewing common 
objecta. (To make the parallel closer, monochromatic polarised light should 
be specified in the optical case, whilst the radar target should be free of 
details likely to resonate under the influence of the incident radiation.) 
In both cases the reradiated signal bears the imprint of the structure of 
the object, i.e., shape and details are clearly defined. Optical viewing 
systems are able to present this definition in the ultimate form of a two- 
dimensional image upon a sensitive mosaic, usually the retina of the eye, 
the extent to which the details are distinguishable being further dependent 
upon the optical properties of the lens system employed, and the fineness of 
the mosaic. Too small an aperture results in an inability to make use of 
all the definition in the incoming radiation, with the result that confusion 
masks the finer details. An adequate aperture will serve to allow full 
utilisation of the individual cells of the mosaic, whilst a still larger 
aperture confers no increase in resolution owing to the limitations of the 
Mosaic. In radar viewing circumstances are usually very different in that 
there is commonly only one channel through which all information must pass 
(and even in elaborate radar systems, a very limited number), corresponding 
to a "mosaic" of a single element only. The construction of analogous 
"radar images" is thus only possible by the successive utilisation of this 
channel for different directions, i.e. by the employment of scanning 
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techniques. Where we are emdeavouring to obtain a picture of a large radar 
target, such as the surface of the ground, the amomt of detail which can be 
built up in the image will increase appreciably with increase in aerial 
aperture (wave-Length being wmaltered), and in practicable system sufficiently 
large apertures to utilise the bulk of the definition present in the 
ancoming signal cannot usually be provided. Returning to the small radar 
target case, increase in aperture is primarily useful as a means of 
increasing discrimination between nearby targets and iuproving angular 
accuracy. For the very large object the size of the silhouette is a very 
significant factor, particularly where the surface has a rough structure 

(in terms of wave-length), though where the surface exhibits a smooth 
structure (again in terms of wave-length) specular reflections may complicate 
the response to such an extent as to mask this factor for certain aspects. 


(4) So far we have not considered such practical radar targets as aircraft, 
small ships, etc. For the majority of these the overall dimensions and 
main features may be measured in a reasonably small, or at any rate not a 
very large number of wave-lengths, and the radar response will accordingly 
lie intermediately between the two special and extreme cases so far 
considered and will be additionally complicated by resonance effects. In 
particular, for any one angle of incidence, the reradiated signal will be 
distributed in direction in a markedly non-uniform fashion. Consequently 
the echo~signal received by a typical radar equipment is found to fluctuate 
appreciably in amplituije and polarisation from pulse to pulse due to changes 
in the aspect of the typical target, an effect described as "aspect-modulation" 
of the received signal. Moreoever changes in the spatial distribution of the 
reradiated signal may be brought about by relative movements of parts of the 
target, as, for instance, by the rotation of an airscrew. Fluctuation 
arising from this particular Cause are described as “propellor-medulation" 
Again, conditions may arise where reradiation from one or more comparatively 
large and smooth surfaces approaches the case of specular reflection, in 
which case wucommonly large signals will arrive from those aspects where the 
receiver lies within the virtually reflected beam, a phenomenon known as 
"scintillation" or "glittering". Thus the increase in target visibility 
which arises from the use of shorter wave-lengths must be to some extent 
offset by the disadvantages of the various forms of aspect-modulation, 

these troublesome variations being properly regarded, however, as nothing 
more than the primitive attempt of the target to be seen in detail as 
something more than a shapeless speck. 


6. PULSE RADAR SYSTEMS 


(1) Although there is now considerable diversity of types amonst radar 
equipments, primary development was directed towards the pulse-radar search 
equipment, and this provides a convenient example on which to base a 
discussion of the main constituents of a radar system. Radar equipments 
designed for other roles may, of course, involve additional or alternative 
items. A pulse-radar search equipment can be divided in principle into 
two major parts, the radar transmitter and the radar receiver, though in an 
actual equipment there may be no physical division of units corresponding 
exactly with the transmitter and receiver, and further, there may be units 
which serve both, such as power supplies and aerials. Nevertheless this 
division is one of fundamental importance (Fig.G). 


(2) The main object of the radar transmitter is to emit short bursts of 
radiation in rapid recurrence, and to direct the bulk of this energy into 

a more or less restricted beam. These transmissions are described as "radio- 
frequency pulses", each pulse consisting of a similar train of oscillations 
at the same radio frequency. From some points of view the ideal radio- 
frequency pulse would be one in which all the individual cycles were of the 
same amplitude (rectangular RF pulse), and although no actual pulses conform 
exactly to this description it provides a useful standard of reference. 

The main difference between an actual pulse and this ideal is that with the 
former it always takes an appreciable time for the oscillations to rise to 
their maximum amplitude, and similarly for them to decay to zero. For many 
purposes the actual waveform of the radio-frequency pulse need not be studied 


17 


Introduction, Secte6 (3-5) 


in detail, and it is sufficient to examine the way in which the maximum value 
of the individual cycles of oscillation vary throughout the pulsing period; 
the form of this variation is known as the "pulse-envelope". 


(3) The interval separating the times at which successive pulses are 
initiated in the transmitter (Ty) is known as the time or period of recurrence, 
whilst the reciprocal of this quantity (Fp=1/T,) is called the recurrence- 
frequency. In the majority of radar equipments the recurrence-frequency is 
constant and fixed, though in some cases there may be provision for selection 
from a number of discrete values, or from within a range of values, whilst in 
other rhytimical variation of recurrence-frequency may be possible. Such 
facilities are usually restricted to those equipments using the longer radar 
waves, where they may be useful in helping to counteract mutual intereference, 
this being much more of a problem on these wave-lengths owing to the much 
lower directivity of the aerial systems employed. 


(4) The effective duration of an individual pulse (lp) is known as the 
"pulse-time", but this term has to be defined in an arbitrary manner (Fig.B). 
No difficulty arises in the case of the ideal rectangular pulse already 
mentioned, but with practical pulses it is not possible to state exactly 
when a particular pulse started or finished, nor would such information be 
especially useful unless supported by further detailed information as to the 
shape of the pulse-envelopee For our purposes "equivalent pulse-time" will 
be defined as the period during which the pulse envelope exceeds Li/B of its 
maximum value, i.e.,it will be the time occupied by those cycles whose 
energy is not less than half of the energy of a cycle occurring at the 
maximum (or the largest maximum, if there is more than one) of the pulse- 
envelope. In similar fashion, the "equivalent pulse" will be a rectangular 
RF pulse of the same frequency containing the same energy as the original 
pulse and of duration equal to the equivalent pulse~time; the “equivalent 
pulse~amplitude" will be the amplitude of the e uivalent pulse, and the 
“equivalent pulse-power" will be the mean power of a continuous oscillation 
having this amplitude. It should be noted, however, that these definitions 
are not umiversally accepted. 
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(5) In the majority of radar equipments the pulse-time is constant and 
fixed, though in some cases there is provision for choosing a particular 
value from two or three discrete values. The shape of the pulse-envelope 
is not usually intended to be subject to variation, and should be the best 
attainable from the equipment’ provided. any falling away fron this 
standard is generally an indication of faulty adjustment or failing 


componentse 
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(6) Another important quantity associated with the transmitter is the 
equivalent pulse-power (Pp). FigeF). This quantity has already been 
defined, and it follows that the energy content of a single transmitted 
pulse (Wp) is given by the product of equivalent pulse-time and equivalent 
pulse~power (pape) - The average transmitter power (Pp) is thus given 
by: 


Pp = Wyefy = Bre Tpe fy = Pp (1p/2p) 


ang the ratio of average to pulse-power is known as the duty-cycle (da). 
Thus the duty-cycle is given by:= 


d 2 Py/Py = T/T, 


For example, if Tp is one microsecond and is two milliseconds, d is 0.005, 
or 1/200, which is usually read.as one in two hundred. The "pulse-power 
envelope" shows how the power radiated varies throughout the duration of the 
pulse (ignoring the oscillating component of instantaneous power at twice 
the signal frequency). Its shape can be obtained by squaring the ordinates 
of the pulse-envelope, and its largest value is known as the "peak pulse- 


power" (Pr). 
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(7) Im order to produce the type of signal described the transmitter must 
contain a generator of oscillations at the appropriate radio-frequency, in 
association with a pulse-modulator, which may be described as a device for 
switching the oscillator on and off at the appropriate times. Whereas in 
radio~telephony modulation is a continuous process, in radar, as in radio- 
telegraphy, it is a discontinuous process, 1.¢ pulse-modulation is closely. 
allied to keying, although in the former case we are dealing with very much 
smaller times than in the latter, and with a very much smaller duty-cycle. 
Further, in radio-commmication it is customary to generate oscillations 
continuously at a low power-level, the modulating or keying process being 
performed in a subsequent modulated amplifier. In radar practice, on the 
other hand, it is customary to develop oscillations at a high level of pulse- 
power, subsequent power-amplification being provided in relatively few casese 
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Such radar oscillators are always modulated, usually by an external uodulator, 
though sometimes they are arranged to be self~mcdulating; any other 
arrangement would involve excessive waste of power in the oscillator during 
the quiescent interpulse pericis, owing to the very small duty~cycle, and 
would almost certainly cause interference with the adjacent radar receiver. 
Power amplification is im any case only practicable for the longer radar 
waves, and is not very efficient, whilst introducing additional tuning 
adjustments; for centimetre wave radars there is little possibility of 
providing such amplification. So the pulse-radar transmitter usually has an 
essentially simple high-power oscillator, preceded by a pulse-modulator, and 
feeding the aerial system directly. When the oscillator uses tridie~valves 
modulations may be performed in the grid circuit at low power, or in the 
anode circuit at high power, but where magnetrons are used high~power 
modulation is essential. 


(8) The other main feature of the transmitter is the aerial system; this 

may be shared with the receiver, or may be a separate radiator. Where a 
common aerial is used special devices are needed to ensure that the receiver 
is protected from the outroing pulses, and to enable it to extract the aaximun 
available power from the radar echoes during the quiescent intervel between 
pulses. These devices take the form of gas-valve switches which automatically 
route the outgoing or incoming energy through the appropriate channels, and 
which are operated by the high-power transmitter pulse. The transnitter 
aerial determines the spatial distribution of the radiated signals whilst the 
receiver aerial similarly determines how the receiver sensitivity to echo 
signals is distributed in direction; for most common aerial systems these 
directional characteristics are the same for transmitter and receiver, and 
take the fv.a of a beams Beams of different widths are encoumtered in 
different radar applications, as are beams which differ in other respects, 
such as cross-section. The majority of beams conform to one or other of 

the two basic types known as the "pencil-beam" and the "fan=beam". for «ost 
applications it is also required to be able to give these Leams a degree of 
mobility in direction so as to allow them to be steered, such stecring being 
carried out manually in some cases, and automatically according to a 
systematic programme in others, this latter process being lmowm as scanning. 


(9) Another feature of the transmitter is its co-ordinate link with she 
receiver, known as a "synchronizing" device. This may provide the receiver 
with a synchronizing pulse whenever the transmitter begins to radiate, or may 
in some cases work in the other direction, in which case e synchronizing pulse 
produced in the timing-circuits of the receiver is used to initiate 
modulation in the transmitter. 


(10) Auxiliary parts of the transmitter include cables and couplings, power- 
supplies and power-packs, contactor=-vanels with protective devices, cooling 
systems, aerial-turning drives and transmitter monitoring and test sear. 
Some of these devices may be common to transmitter and receiver when these 
are, as is usual, in close proximity. 


(11) The object of the radar receiver is to detect and to distinguish between 
the echo-responses to the transmitted pulses, and in so doing to supply more 
or less complete information as to the location of the source of each echo 
investigated. To accomplish this task the radar receiver requires four 
principal devices, a radio-receiver, a steerable-aerial, a time-measuring 


device and a display-system. 


(12) The usual receiver embodies the superheterodyne principle, though it 
differs very markedly from the common commmication receiver. In the vast 
majority of cases it is designed to operate over a very restricted frequency- 
band, corresponding with the associated transmitter. In practice this 
means that, apart froma the case of the longer-wave radars, all circuits 
handling modulated signals (RF, as well as IF) can be pre-tuned, leaving 
fine-tuning adjustments to be made by control of the local-oscillator 
frequency, either by hand, or, in some cases, automaticallye Within the 
receiver incoming signals must be examined to provide, as we have Bagh two 
Icinds of information concerning, the selected radar target or targevs. 
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Firstly there is data concerning range, which is entirely a matter of timing, 
and is not primarily related to signal-amplitude, providing this is adequate; 
secondly there is data concerning direction, which is entirely bound up with 
the direction in which the aerial beam is pointing, and which is functionally 
related related to signal-amplitudes. Where accurate range-finding is a 
prime requirement all signal-handling circuits must have adequate bandwidth 
to ensure reasonable reproduction of the transmitted pulse, which should 
itself have as steep a leading-edge as practicable, but where range accuracy 
requirements can be relaxed, a smaller bandwidth will prove more satisfactory 
for the circuits concerned with angular measurements. This state of affairs 
exists in consequence of the effects of receiver noise, which set an ultimate 
limit to the performance of all radar equipment. The practice of providing 
separate channels for range and angle data from an early stage in the 
receiver is, however, restricted to the most elaborate radars, and the usual 
practice is to provide a common channel for signals right up to the display. 


Where the receiver has its own aerial it is, of course, necessary to 
ensure that the transmitter aerial is linked to it in such a way as to ensure 
that targets under investigation are properly illuminated (in direction and 
polarisation). <A further requirement is to provide from the aerial mounting 
an accurate indication of the angle, or angles, being measured. These 
indications form part of the signal-display, and are the counterpart of the 
range-indications which come from the time-measuring unit. ; 


ee The time~measuring device is required to provide a frame of reference 

in time) commencing anew with each successive transmitter pulse, and against 
which the time of arrival of any echo-pulse wider investigation can be 
determined. Many techniques have been exploited in finding alternative 
solutions of this problem, where accuracy, flexibility and the provision of 
smooth output~data may vary in importance from one type of radar to another. 
Associated with the timing-circuits are devices known as "strobes" which are 
essentially time-filtering elements. Such a strobe, according to its setting, 
will indicate a particular brief period of time occuring at a prescribed 
interval after each outgoing pulse, and will permit signals arriving during 
such successive periods to be isolated from all others, wherever the 
facility is required. Thus the association of a narrow aerial beam with a 
correspondingly "narrow" strobe serves to isolate a particular small pocket 
of space from the remainder ard facilitates examination of its radar 


significance. 


(44) Display-systems form the output end of radar equipments, where the 
data collected from targets is collected together and presented in order to 
permit appropriate action to be taken (FigeH). A large variety of display- 
systems have been evolved to meet the requirements of particular radar 
problems, some to provide facilities for accurate measurement of the 
individual position-coordinates of a single target on separate displays, 

and others to provide composite information on a single display; when 
associated with a scanning radar other displays aim to present a radar 
picture of all targets within the zone wider examination. Throughout 

this field the cathode-ray tube provides a most versatile basis for the 
vast majority of systems, and has no serious competitor where the compact 
presentation of easily accessible data is a prime requirement. With the 
tendency to supersede human operators by automatic mechanisms, however, as 
in the field of automatic-following radar, display~systems as such become 
redundant to the extent that they can be replaced by instruments designed 

to interpret radar-data and produce not only the desired output information, 
but also to provide suitable signals to fit the input requirements of the 
associated servo-mechanisms. Even here it is usual to retain an elementary 
display in order to assist in the process of target-selection, or to allow 
the operator to ensure that the appropriate target is being followed whenever 
there is confusion, as, for example, with targets crossing, or when bombs 
are dropped» In the case of many radar equipments which provide information 
for use elsewhere, the display-system is associated with a reporting-system, 
which may vary, according to circumstances from a telephone to elaborate 
data~transmission systems, or to display-relaying systems. 
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(15) Auxiliary parts of the receiver include miscellaneous devices of the 
types already listed for the transmitter, and, in addition, a common feature 
is the range-calibrator. This device is usually provided when the ranzing- 
circuits Jo not thenselves embody a primary frequency standard, and serves 
as a check on the performance of these circuits. Other accessories may be 
provided to give a simple overall test of the transmitter-receiver ensemble 
without recourse to actual targets, froma the standpoint of power and noise, 
or to provide such a test by the use of standard targets. External tests 
of range and ansle may also be conducted by the use of special targets 

at known points, and these additionally check radar-bearing with compass- 
bearing. 


7e TABLES OF TIPIC.L RADAR ROUIPLOMIT PARAMETERS 


A few typical figures are quoted in order to give an idea of the xind 
of magnitudes involved. The four equipaents concerned all operate in the 
10cm. band and are briefly described as follows:~ 


Ae An airborne gun-laying radar equipment to control blind fire froa 
the rear turrets of heavy bombers. 

Be A waval radar equipment for anti-aircraft armament control used in 
destroyers and larger ships. 

Ce Arny Heavy Anti-Aircraft Fire-Control equipment; light-weight and 
mobile giving automatic-following in elevation and azimuth, and 
optionally automatic or manual-following in range. 

De Army mobile “arly-Varning or "Putter-on" equipment, to be used 
in conjunction with a HAA. Fire-Control set, such as Equipment C. 


Equipment A 3B c Dd 
Prevuencies 
Radlating 'S' band 'S' band 'S' band 'S' band 
Pulse Recurrence 660 pepese 500 pepese 1500 pppes. 690 pepe 
Interuediate 45 ie/s 60 Me/s 60 Mc/s 30 Mc/s. 
Perforaance 
Peak power 30 kW 500 kw 200 kW 600 kW 
Pulse width 0.5 sec. 0.5 sec. Oo5 see 1 sec. 
Receiver Band-width b. ie/s 4. Me/s 5 o/s 3 ile/s. 
Detection Range restricted to 
44,00 yde 30,000 yde 30,000 yd. 50,000 yd. 
for for 
medium medium 
bomber bomber 
Accuracy 
Range + 20 yd. +25 yde + 35 yde 
Elevation £15 min. +10 ming + & min. 
Bearing +15 min. +10 min. + 6 min. 
Target Discrimination 
Range 4CO yd. 200 yd. 500 yd. 
Bearing 5 deg. 4 dege 5 deg. 
Hlevation 5 dege 4 dege 
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8 Radar Roles 


(1) Radar methods heve found apnlication in a wide range of service problems, 
and in this section we shall attempt a broad classification of the main 
field. In the more direct applications of radar to warfare obvious 
limitations affecting the design of ground-based, sea~based and air~based 
radar systems should be examined. Considering first those linitations 
inherent in the nature of the base, ground-based systems generally suffer 
least from space and weight restrictions, but usually lack mobility (when 
in operation), whereas air-based systems are subject to severe space and 
weight linitations, whilst enjoying considerable mobility. Sea-based 
systems obviously occupy an intermediate position. The second factor to 
be considered is the nature of the role: a significant classification 
relates the nature of the base to that of the target, thus:- 


(a) - Ground-air 
(b) - Ground-sea 
(¢) = Ground-ground 
(a) - Sea-air 

(e) 
(f) 
(g) - Air-air 


Sea-sea 


s 


Sea-ground 


(nh) - Air-sea 
(i) - Aireground 


(2) In any introductory chapter an exhaustive classification cannot be 
attempted, and it should be borne in mind throughout that the mobility of the 
radar target as compared with that of the radar-base may be a factor of 
considerable signifance in particular cases. Thus manoeuvrability of a 
fighter in relation to its targets has a profound bearing on the design of an 
air-borne radar aid to interception to which there is at present no parallel 
in any ground-based systems, whilst for sea~borne systems, manoeuvrability 
is significant in relation to sea~borne targets, but has much less 
significance in relation to air-borne targets. Should radar systems be 
developed for active employment in vehicles on the move, these will occupy 

a vosition somewhat similar to sea~borne systems in this respect, but with 
many difficulties even more acutely emphasised. 


(3) The ensuing outline of radar roles will be based primarily on other 
characteristics, however, being concerned with the following problems:- 


8.1 Detection 

8.2 Searching 

8.3 Tracking 

8.4 Beacon 

8.5 Guidance and Navigation 
8.6 Survey 

8.7 ifiscellaneous 


8.1 Detection 


(1) The detection of objects which intrude into the field of view, and the 
provision of crude position data concerning them, is one of the less 
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complicated problems in which radar may offer a solution. Simple radar 
systems have been envolved to meet requirements of this character in such 
applications as anti-collision devices for aircraft and ships, iceberg 
detectors, and cloud detectors. The corresponding detection problem for 
vehicles presents considerable difficulties due to the profusion of unwanted 
signals (known as "clutter") which usually arise from the landscape, and which 
serve either to mask the wanted signal or to render it unidentifiable. 
Where the landscape is amenable, however, radar detection systems may still 
find useful employment, as, for instance, within the confines of an airfield. 
Another field of application occurs in proximity-devices for projectiles and 
bombs, and here the problem is usually a shorterange one. In such cases 
pulse-radar solutions are usually impracticable and alternative radar 
methods employing continuously-radiated waves offer an easier solution. 


(2) Also in the detection class may be placed radar devices designed to 
indicate movement. These rely on the Doppler-shift of frequency of the 
received signals in relation to those transmitted, which is proportional to 
the radial velocity of the moving object in relation to the radar transmitter- 
receiver, thus affording a basis for the isolation of signals from such 
moving objects fron a background of other signals corresponding to static 
objects (Fig.I). Such discrimination falls off as the radial velocity 
becomes smaller, and if sensitivity is increased to deal with very slowly- 
moving objects unwanted interference ‘nay arise from such factors as the 
swaying of trees in a wind. 
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Fig.i: Block diagram of C.W, radar system using 
doppler technique for moving target detection 


8.2 Searching 


(1) Here we are concerned with radar systems which are required to subject 
an allotted zone of space to radar investigation with the object of finding 
any radar targets which may exist within the zone, and of reporting upon 
their position. In each case the degree of accuracy needed in the 
information derived will exert a substantial influence upon the detailed 
design of the system. Generally speaking, these systems aim at flexibility 
rather than precision; ‘they are encountered under such names as "early- 
warning", "tactical-control", "putter-on", "reporting", "surveillance", etc. 
Usually such systems employ scanning methods and present the information 
gained from a completed scan in such a way that all can be seen at once. 

In many cases a complete scan involves the full rotation of a fan-beam 
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about a vertical axis, giving complete coverage in bearing and partial 
coverage in elevation (FigeJ). The object in using a fan-beam with narrow 
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Fig. J: Scamming using vertical fan beam 


bearing and broad elevation-cover is to increase the bearing-discrinination 
of the equipment amd improve the accuracy of bearing measurements as 
compared with the performance of a broader beam3 at the same time broad 
elevation-cover is required in order to reduce the time for a complete scan. 
Deficiencies in elevation-coverage may be reduced by lifting the beam in 
alternate rotations (or by more elaborate operations), at the cost of 
increasing the total scanning time. Systems of this nature usually present 
their output by means of a "Plan-Position Indicator" (P.P.I.) in which targets 
appear as bright patches on a cathode-ray tube, the distances of such 
patches from the electrical centre of the tube being characteristic of the 
slant-ranges to the corresponding targets, and the directions (from the 
centre), of their bearings (Pig H(ix)). The use of long after-glow tubes 
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provides the rejuisite retention of information throughout the period of a 
couplete scane It is thus possible to indicate many radar targets existing 
at the same time in a common display, and this has great advantages wherever 
an appreciation of the general situation is required. On the other hand, 
such systems do not.usually offer the highest grade of position-data on 
individual targets, partly because they give only intermittent glimpses of 
each target, partly because the most accurate methods available for range 
and bearing measurement do not readily lend themselves to P.P.I. display, 

and partly beacause such systeus are nost commonly designed to afford the 
maximum visibility for weak target-sicsnals a condition which limits the 
vange~accuracy for all targets. In addition elevation measurement is either 
ignored, or attemped only in terms of fairly broad angular bands, as attempts 
to scan by pencil-beams produce intolerably long scanning periods (Fig.K) 
unless the zone to be scanned by one such beam can be effectively reduced. 
Where there is a need for accuracy in elevation measurements comparable with 
that of bearing, this is often met by the use of an auxiliary radar system 
which specialises in this measurement and which can be steered from one 
target-bearing to another from the main equipmaent. Such a height~measuring 
systema may employ a fan beam so arranged as to cut across the fan beam 
utilised for hearing measureaent in the aain system (Fig.L}). <A form of 
elevation~indicator commonly used to display height information in conjunction 
with a fan-beam arranged to scan an elevation sector is shown in Fig.H(xii). 
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(2) Although the foregoing paragraphs would seem to imply that the radar 
systeas under discussion in this section exist on the ground (or sea) no 
such restriction is inte.ded. Essentially similar systems are employed 

in airborne roles, as, for example, in searching for surface vessels. This 
is not unlike the anti-aircraft problem upside-down, avart from one 
siuplifyiug feature, namely, the sea~surface, which contains all the sought 
tergets and, therefore, readers elevation weasurcuent wmecessary, height 
(i.e., winimum range to sea) being readily available when required. 


(3) The type of system described as fulfilling an anti-surface-vessel 

role yields interesting results when flown over land, as under this condition 
the display reveals a primitive map of the terrain beneath, showing clearly 
such features as coast lines, rivers, mountains, railways, large buildings 
and towns (Plate 2). This property has led to the developuent of systems 

of this character as am aid to navigation and boubing. 
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(4) Another type of radar system falling into the searching group is 
involved in the sir-air role. This ylelds two different reyuirements, one 
being primarily defensive, in order to give bombers due warning of approaching 
air~attack, and the other, an offensive requirement to enable fighters to 
find and engage their airborme targetse The former of these is mainly 
concerned with rear aspects and the latter with forward aspects. Ifa 
bomber has no defensive armament a simple warning-device «ay suffice, but 
when guns are carried it may be very helpful to be able to anticipate the 
angle from which an attack may develope For both of these systems a 

novel feature is the interest in radar targets above and below the horizontal, 
which results in types of scan and presentation specially designed to meet 


this requirement. 


(5) Belonging to this class are certain radar systems from which a higher 
degree of precision is required than for the ajority of search applications. 
These are well exemplified by a growi-controlled approach system 

for aircraft. In such a system an aircraft is controlled by instructions 
from the ground which commence as soon as it has been picked up at a 
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suitable range by all-round search equipment of a common typee Thereafter 
the pilot follows the instructions received from the controller, and, after 
spending time on a circuit of the airfield (should this be necessitated by 
traffic conditions), is guided into and down the special radar approach- 
beams, until landing has been accomplished. During this latter period a 
narrow sector embracing the approach-lane is rapidly scanned successively 
in elevation and bearing by narrow fan beams (Fig.M). The associated 
radar displays permit the controller to estimate continuously the position 
and motion of the aircraft, and so to issue appropriate guidance, with the 
object of procuring a sare landing. 


(6) In the radar-search field Doppler techniques have found fruitful 
application where normal target-discriminating techni.,ues have been 
insufficient, and have been used to provide additional target-discrimination 
on a velocity basis. Such conditions arise where there is excessive 
clutter, as, for instance, with ground or sea-based radars operating at 

low angles of elevation, or at very short ranges. A number of other 
techniques have also been developed to meet requirements of this character. 
At the bottom of Plate 2 is shown the improvement possible by use of 
"Noving Target Indicator" systems where cancellation of permanent echoes 
reveals the aircraft echees, 


8.3 Tracking 

(1) Radar tracking systems are intended to follow continuously the movements 
of a selected radar target, usually with the object of providing full and 
accurate position-data of sufficient smoothness to enable rates of change 
of range and of elevation and bearing to be reliably determined. ‘This 
requirement for adequate smoothness is important where predictions are to be 
based on radar-data, as spurious rates may generate excessive errors even 
when position-data is otherwise reasonably goode In order to secure a 
high standard of performance more precise techniques are employed for range 
and angle measurements than is customary for searchinge Systems of the 
highest accuracy, associated with long-range weapons, utilise fine pencil~ 
beams, which are devoted to the tracking of single targets, this process 
being accomplished automatically in many cases (Fig.N); and increasingly so 
where consistent performance against high-speed targets is very much worth- 
while, even at the cost of the extra complications in equipment necessary to 
produce a fully-automatic radar fire-control chain. less accurate 
solutions can be tolerated where short-range weapons are involved, though 
any saving due to possible simplification is offset to some extent by the 
need for higher speed in target-aciuisition and for faster turning~rates to 


deal with crossing targets. 
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(2) Somewhat similarly, in air-air systems the need for precision radar- 
tracking is dependent on the effective range and accuracy of the weapons 
provided; and thus, for fighters which use short-range barrage-fire radar 
systems are primarily needed to enable contacts to be made, and the enemy 
approached from a favourable angle. But where fighters are equipped with 
longer-range guns of greater accuracy, precision radar techniques are 
essential if such weapons are to be employed with maximum effect. In 
connection with the fighter-aircraft problem it should be stated, however, 
that means of positive identification of radar targets as hostile or 
friendly is a paramount requirement, and this is a major factor in controlling 
the actual employment of blind-firing systems. For bomber-defence a 
flexible fire-control system may be required in order to deal with assault 
from any angle, and radar-tracking systems are commonly employed for this 
purpose in heavy bombers. 


(3) In the field of tracking instruments hybrid radar-optical systems also 
exist, which give radar range and optical angle-datae By such methods 
weight and space can be saved whilst retaining sufficient accuracy for the 
problems they are designed to meet, though such systems are necessarily 
limited to visual targets. 


(4) ‘In certain applications, notably ground-sea and sea~sea roles, tracking< 
radar systems may be employed for the correction of gun-fire. Such systems 
consist in principle of highly accurate search-radars using narrow beams, 
short pulses and restricted scans operated at high ratese Whilst operated 
in such a way as to give continuous tracking of the target, they also expose 
to radar view a small zone surrounding the target, and within this area 
splashes .rom falling shells give a transient radar~-echo which can be 
interpreted froa the radar display in terms of appropriate gun~laying 
correctionse By this means fire-correction by "bracketing" can be 
accomplished with unseen targets. Similar results can be obtained in a 
ground-ground role providing all the conditions are favourable, though 
circumstances ofte: make this very difficult or quite impossible. 


(5) The developnent of automatic tracking-aids has, as has already been 
pointed out, helped to safeguard the guality of radar position-data and 

of its raic of change under conditions of rapid change. Such systems may be 
operated by radar angle-data (automatic-aiming) or radar range-data (automatic- 
ranging), o by both (autoaatic-following). They obviously have special 
significance in relation to airborne radar targets, whether attacked from 
ground, sea or air; and also for ground or sea targeta subjected to attack 
frou the air, though this presents much more difficult problem for automatic 


systenus owing to clutter. 


(6) A radar-tracking system which differs from those already discussed is 
often used for the control of searchlights to aid in picking-up targets, and 
to ensure that a beam of light embraces the target whenever it is switched on 
The object of the system is thus to provide accurate aiming for the lamp, and 
to control this automatically in some cases. Such a system is complete in 
itself and is not normally required to give output data. The angular 
accuracy re suired aust be compatible with the beamewidth of the lampy and the 
simple ranging circuits used are provided not in order to eiusure range, but to 
pernit target discrimination on a range basis,. thus assisting in target 
selection, end in proving the quality of the angle-data which controls the 
lamp wovements. 


8.4 Beacons 


(1) The roles available for secondary redar systems (Fig.0) considerably 
extend the facilities which can be derived from radar equipment. Dealing 
first, however, with the primary radar roles already discussed it is evident 
that eyuivalent secondary radar systems are conceivable, but that their 
operation would be confined to radar targets .rovided with beacons: that is 
to say from a service poial of view, such applications would have to be 
confined 4o Sriesuly formations. On the other hand wider apolicatians of 
secondary radar systems may be déveloped for international use in commercial 
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Fig,0: Elements of radar beacon system 


air and sea transporte Granted the cooperative target response, which is 
implicit in all secondary radar systems, the most striking features which 
emerge are, on the one hand, the enormous saving of power (which mean large 
ranges for low overall power requirements), and the possibilities of using 
coded responses to convey more explicit information concerning the target, 
in addition to the usual radar positional data. 


(2) The possibilities of coded response enormously extend the uses of radar 
beacons, and enable such devices to be used for detailed radar identification. 
Special terms are often used to distinguish between the main items in a 
secondary radar system, thus the radar transmitter becomes an "interrogator", 
the radar beacon in the target a "transponder" or "responder", and the 
radar-receiver, a "responsor". 


(3) Radar beacons fall into two main classes, those which are required to 
identify a place e.ge,gan airfield, and others which are required to identify 
an object which has no specific place e¢ege,a friendly aircraft. In the 
latter case the usual object of the system is to identify hostile radar 
targets and this problem can only be tackled negatively when radar 
identification is the sole source of information; that is to say that radar 
targets which do not give the correct secondary response must, by implication, 
be regarded as hostile, in the absence of further information, whilst those 
which do, must likewise be regarded as friendly. Occasions arise frequently, 
however, when the position occupied by the identified friendly target is also 
directly useful, as when radar control of interception is being organised, or 
radar control of bombing, in both cases from a relatively remote base or 
bases. In each of these examples the radar system is used in order to 
provide guidance, but to deliver the guidance in the form of instructions a 
communication link is also reyuired, though this may be of a comparatively 
elementary type if the number of possible instructions is reduced to a 
minimum, and may possibly be incorporated within the radar system by some 
additional modulation process. 


(4) For the other class of beacons, namely that providing identification of 
places, a number of alternative roles are met. In one of the simpler 
applications a beacon is intended to provide a rendezvous, as may be required 
for aircraft or ships returning to a base, for beach~landing parties, or 

to mark a dropping-zone for parachute or bombs, the received signal being 
examined to indicate the direct course to such a rendezvous, as well as the 
distance to be covered. Ina rather similar application, radar beacons 

may be used to indicate zones to be avoided, e-gse,a ined channel, or an 
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area where hostile submarines have heen reported, or an area heavily defended 
by gunfire. 


(5) Other applications make use of Leacons in order to offer navigational 
facilities. 3 single beacon at a known location would suffice for this 
purpose in theory, granting sufficiently accurate measuremeit of absolute 
(compass) bearing, as well as range. The bearing requirement is not easy 
to satisfy, however, particularly for aircraft, and much more suitable 
navigational systems have been devised making use of multiple beacons 
(Pig.Q(i)). Thus with a pair of identifiable beacons at known locations, 
position is accurately fixed as soon as tne two ranges have been established: 
strictly with an ambiguity as to whether the position is to one side of the 
base-line or the other, but this can easily be solved, if troublesome, by 
the crudest of direction-finding techniques.- Furthermore a system of this 
character not only allows position ta be fixed on a map, so permitting more 
orthodox navigation to ensue, but also provides a direct basis for 
navigation in terms of the beacon signals themselves, and without recourse 
to «aps, providing that the course to be followed has been translated into 
the appropriate beacon range-coordinates. Extension of such a system can 
lead to remote control of bombing. 


(6) One rather special application of ralar-beacons is in the field of 
beam approach devices vshere a suitable beacon caa be used to guide 
approaching aircraft. 4n interesting feature of this system lies in the 
eaployment of directional recponses by the keacon, in contrast to the 
all-round radiation usually encountered. Here the beacon radiation 
alternates between two iiage patterns which overlap, thereby defining an 
equi~signal approach~path in bearing (Fig.P). Similar techniques have been 
used in non-radar beam approach systems, which lack, however, the advantage 
of continuous range-data mrovided by beacon systems. (This system may be 
regarded as the counterpart of the precision angle-measuring techniques, 
employed in most tracking-radars, known as "Lobe-switching".) 4n extension 
of this technique can be made to further define the approach path in 
elevation, but this wore difficult problem can only be satisfactorily solved 


by the use of microwave beacons. 
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(7) am intermediate class of applications for beacons is in the field of 
devices to enable formations to be walitaineu to an appropriate pattern; such 
systeus may be applied to vehicles in open cowitry, or to ships in open sea. 
The comparable aircraft problem presents many more difficulties. 


(8) Of beacon systems in general it should be stated that, apart from 
special requirements, they should be seusitive to interrogating signals 
arriving from all bearings, and shouid likewise transmit responses on all 
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bearings. This can be’ accomplished by employing ommi~directional aerials 
for beacons, or by using continuously rotating fan~beam acrials, providing 
that the speed of rotation is suitable. Another couwrion requirement is that 
they should be able to respond to any interrogation within a limited frequency 
band, to meet which it is necessary for the tuning arrangements to be varied 
rhythmically in order to sweep the band at regular intervals. It is not 
essential for the beacon response to be on (or near) the same frequency as the 
interrogating pulse, though this is « very comaon arrangement. 


(9) A characteristic property of radar beacons is that they remain aute 
until interrogated, with consequent saving of mean power and rather better 
security, though these gains are not very significant. Improved security 
could be obtained if coded-interrogation were required, but this complication 
would only be justified for very special purposes. Radar beacons are also 
limited in the number of interrogations they can handle at one time, ises, 
they are subject to traffic saturation. More traffic can be handled by 
reducing the recurrence-frequencies of interrogators, by cutting down the 
tine devoted to interrogation, by using simpler response codes, and by the 
use of rotatiag-beams, always providing that sufficient time remains 
available to complete each interrogation under operational conditions. 


8.5 Guidance and navigation 


(1) In effect a system providing guidance issues instructions which are to 
be blindly followed by the recipient without reference to other information, 
or alternatively provides signals which act as a frame of reference against 
which a programue of instructions, otherwise given, can be interpreted. 

Such guidance may very well proceed without the recipient have any exact 
knowledge of the geographical significance of the route being followed. 

On the other hand a navigational system must provide a framework of reference 
signals which can be positively identified with map references, i-é€esa system 
of coordinates must be Cefined analogous to (though not necessarily in any 
way identical with) latitude and longitude. 


(2) In these fields radio (including radar) devices play a prominent part 
for sea ani air journeys and are finding application on land where conditions 
are suitable. Some primary and secondary radar systems have already been 
mentioned which can be used in guidance or navigational roles. Looking at 
the problem more generally it is evident that where a radar solution is 
employed for guidance or navigation this involves the provision of radar 
transmitter and receiver in the craft to be steered, the incoming data 
being provided either by natural echoes (primary radar) or beacon-echoes 
(secondary radar), or alternatively the provision of one or more radar 
transmitters and receivers (with intercommunication in multiple systeus) 

at a base or bases, utilising the natural or (more usually) beacon-echo from 
the craft to be steered, and with facilities for transmitting instructions. 


(3) In the radio-navigation field, in addition to radar systems, there 
ere other systems which do not involve the use of the radar-echo, as, for 
example, the radio G@irection-finding systeus already mentioned. Other, 

and nore precise, non-radar systems are available, however, which utilise 

the characteristic speed of radio-waves, though they only depend on one-way 
propagation. From an engineering standpoint there aay be strong resemblances 
between tuch of the equipment used for such applications and for true radar 
systens: this is a natural consequence arising from the employment of 
similar techni.ues. One-way systems cannot normally be made to give true 
range-data directly, but can compare the arrival-time of signals frou 
differeat sources, so that with synchronised transmission the recipient may 
infer the difference between the two ranges without being aware of either 
separately. In effect this information gives him a single position- 
coordinate corresponding to a line drawn on a map to represent all places 
having this range-difference from the two transmitters. To complete this 
system a third synchronised transmitter must be brought in from yet another 
base to yield a further position-line, thus giviug a "fix", which identifies 
the posivion more coupletely.  adiosnavigation systems can, when required, 
be desimned to sive accuracy of a high order in providing location as a map 
refereace, but are incapable of giving accurate height information under 
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8.6 Survey 


(1) The successful development of radar navigational systems has led very 
naturally to consideration of radar systems for use in surveying. Here it 
is essential to distinguish between a comprehensive radar-survey system and 
one which makes use of radar-aids to control and evaluated survey-operations 
carried out by means of air~photography. The radar-map is not nearly as good 
as a carefully~made photograph, and can only be recommended when conditions 
make photography impossible or undesirable, apart from its special value as 
a training-aid for navigators who will make use of the same system for 
navigation or bombing. In the other field systematic flight-programmes may 
be regulated according to radar-data, and accurate position continuously 
recorded alongside the relevant photographs, with other essential data. For 
the most accurate work use can be made of multiple beacons to give range to 
bases already surveyed; this method makes the most effective use of radar 
data, exploiting the unique value of radar range-finding. With precision 
equipment, survey of a high order of accuracy can be completed in a fraction 
of, the time required for classical methods, though the very highest accuracy 
is not attainable. Another survey application lies in the measurement of 
base-lines; here the radar solution gives a rapid answer satisfactory for 
all but the most accurate work, and again with enormous saving of time. 


87 Miscellaneous 


(1) A common type of radar system with one special role is the radar 
altimeter, carried by aircraft in order to measure height above ground or sea. 
With a simple extended target so favourably situated and with the requirement 
to measure only a simple coordinate, a fairly simple pulse~system is adequate 
for most purposes, but will fail below a certain minimum height. More 
elaborate systems, which will work to within a few feet of growd or sea, 

have been devised using frequency-modulation techniques: equipment of this 
character is often called a "Terrain Clearance Indicator". 


(2) Other applications of radar systems occur in such fields as Ballistics, 
Meteorology and Astronomye In Ballistic work many problems arise in 
connection with the measurement of position, velocity and spin to which radar 
solutions can be found. Such systems may differ considerably from the 

type of systems already considered in that they can be designed to deal with 
much more specific problems, i-séeesthey are usually only concerned with one 
target at a time of known character and with that target in an expected 
Place. These advantages permit radar techniques to be exploited in a 
fashion which would not be practicable when dealing with many targets 

moving in unforeseen ways. 


(3) Meteorological science can employ radar methods in order to locate 
clouds, rainstorms and snowstorms and to plot their movements. Radar 
observations of balloons also gives information of winds. As will be seen 
in Sect.9, certain atmospheric conditions give rise to peculiar propagation 
ciroumstances which markedly affeot radar performance at low angles. The 
existence of these phenomena suggests the possibility of deriving 
meteorological data from a study of propagation conditions through the 
medium of radar performance. 


(4) Radar measurements have been used to confirm some well-known facts 
about the moon, and similar measurements may possibly be made in respect of 
other heavenly bodies, though the number of these which subtend a 
sufficiently large angle for practicable systems is rather limited. An 
astronomical field which has been found to yield copious information under 
radar investigation is that concerned with the stuly of meteors entering 


the earth's atmosphere. 


9e Propagation 


(1) The basic assumptions regarding radar propagation have already been 
stated» For most radar purposes these can be taken as a tolerable 
approximation to the truth, though it is evident that radar performance at 
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long ranges requires a more corprehensible explanation. In an introductory 
chapter it will not be possible to do more than indicate one or two 
circumstances affecting the propagation of electromagnetic waves close to 
the surface of the earth which rust be taken into accomt in considering 
such questions. Rectilinear propagation is a concept taken over from the 
field of geometrical optics - in a way, it may be said to represent limiting 
behaviour as frequency tends to become infinitely large - and this idea 
gives a useful approximation to natural events under appropriate conditions, 
but a more exact correspondence is obtained through the study of refraction 
and diffraction. The notion of the horizon plane (strictly a cone) is 
very useful, and to a first approximation this divides the visible from the 
invisible in a radar as well as an optical sense. Coming nearer to the 
truth we should recognise, however, that the normal process of atmospheric 
refraction makes the visible region rather more extensive; for radar 
purposes this is often expressed in the state that to a normally refracted 
wave close to the earth, the earth appears to have a curvature which is 3/k 
of its actual value. Thus the fiction of rectilinear propagation can be 
wade to give more useful results by considering the radius of the earth 

to be some 4/3 of its actual value over a region embracing the horizon and 
going some little way beyond, retaining other dimensions at their natural 
values within this region, of course. It will be seen that this factor 
increases the distance to the horizon. Radar waves continue to hug the 
earth beyond the horizon because of diffraction, though this earth-bound 
component is rapidly attenuated in comparison with the behaviour of 
unrestricted waves, and the extent to which waves of appreciable amplitude 
persist heyand the horizon is dependent on frequency, becoming less as 
frequency rises. Diffraction thus adds very little in the way of working 
range beyo.. the horizon for centrimetric radar systems, but gives more 
assistance to the longest radar waves. It is important to remember that 
these considerations affect primarily the component ef radiation travelling 
in the immediate neighbourhood of the earth's surface and have little effect 
or. paths which are not so restricted. 


(2) Atmospheric refraction is not a stable phenomenon, and its magnitude 

is highly dependent on meteorological conditions, particularly on temperature 
and humidity-gradients. These factors may combine to give local conditions 
under which a glancing ray is refracted by just that amount which is necessary 
to follow the actual curvature of the earthe This phenomenon is known as 
"super-refraction", and is associated in optics with the formations of mirages. . 
For this to take place the appropriate conditions must apply throughout an 
atmospheric belt whose minimum depth is determined for each frequency, and 
which becomes less for the shorter waves. When the belt is established 

a "duct" is said to exist and this will permit propagation of waves within 
the duct under highly favourable conditions provided the waves are short 
enough to be trapped. The umexpectedly large ranges at which radar targets 
are sonctimes detectable can usually be explained as due to super-refraction. 
It should be noted that whereas diffraction helps the longer waves, super~ 
refraction favours the shorter waves owing to the fact that ducts become 
more rare as their depth increases, but that these favours, though handsome, 
are somewhat fickle in their incidence over large tracts of the earth's 


surface. 


(3) As regards radaremeasurements, the most significant effect of the 
processes considered so far is to make angle of sight determinations rather 
suspect for extremely small angles, but as these are in any case suspect 
for other reasons, the additional complication is not very serious for most 


practical purposes. 


(4) Constancy of velocity of propagation should also be considered briefly. 
Here it is sufficient to say that so far as unrestricted waves are concerned 
any effects due to atmospheric inhomogeneity may be ignored in practical 
radar range~computations for comparatively short paths, but that in long-range 
working with paths close to the ground or sea, a correction can be made to 
allow for the slightly reduced speed encountered, in addition to making 
allowance for the curved pathe These factors are of practical significance 
in radio-navigation, particularly.at the longer ranges. 
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(5) The ionosphere plays no significant part in most radar-propasation 
problems, though the longest radar-waves are not too short to be reflected. 
If it becomes necessary to increase the range of early-warning radar systems 
very considerably, then the ionosphere might be expected to play an important 
part in longer-wave radar systems, as it does in long-wave long-range radio~ 
navigation. the other hand, atmospheric absorption is quite negligible 
for the longer radar-waves, but becomes very important in connection with 
centimetric radar systems owing to the presence of broad absorption~bands 
(due to oxygen and water vapour, particularly) in this part of the spectrum, 
and these will seriously impair range-performance if frequencies are chosen 
without regard to atmospheric transparency. A rather similar effect arises 
owing to scattering by small particles in the atmosphere such as raindrops. 
These also drain away energy from a wave passing through and not only weaken 
the response of radar targets situated in or beyond the rainclow, but in 
addition complicate the response to a target in the cloud as seen on a 
radar-display by presenting with it all the associated echoes due to back- 
scattering which arrive at the same timee Here too the longer radar-waves 
suffer to a negligible extent whilst the problem becomes more pressing on the 
shorter centimetric waves. In the region the situation is alleviated by the 
use of short pulses and narrow beams, which serve to reduce the number of 
interfering raindrop-echoes arriving at any instant. 
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CHAPTER 1 
LINEAR CIRCUIT ANALYSIS 


1. INTRODUCTION 


This chapter summarises those items of conventional electric 
circuit theory which form the basis of the analysis in the reanainder of 
Pert II. It consists largely of statements of results, and other texts 
should be consulted if proofs are required. For present purposes the 
circuit is regarded as a collection of components (or circuit elements) 
interconnected by a mesh of short conductors and stimulated electrically 
at localised places, the whole assembly being so compact that electro- 
magnetic effects can be assumed to be propagated instantaneously within 
this self-contained system. The behaviour of the circuit is described 
primarily in terms of the potential differences existing between pairs of 
"points" in the circuit and of the currents which flow through "points" in 
the circuit; the word "point" here usually signifies the cross-section 
of a conductor. 


The symbol for a potential difference (or voltage) is v, and 
that for a current is i, 


the subject matter of this chapter is dealt with in the 
following standard Service Reference Books t- 


Admiralty Handbook of Wireless Telegraphy Vol. 1. 


(BR 229) 
pignal Training (26fManuals/U,51 and 1577) Vol. II Farts I 
and IT, 
Royal Air Force Signal Manual Part IT, 
(AP 1093) 


keferences to particular passages are given in the appropriate 
sections of this chapter. 


In particular the matter of Sec. 12 should be taken as 
supplementing, not replacing, the description given in the standard Service 
Reference Books, The appropriate references are t= 


BR 229. Chap. V. (Paras. 272-348). 
26fMemuals/1451. Chap. XXV. (Secs. 231-240). 
26Menuals/1577. Chaps. II and Ill. (Secs. 9-17). 
AP 1093. Chap. V. 


2e CIRCUIT LAWS AND CONVENTIONS 


Circuit theory is founded on two laws attributed to Kirchhoff. 
One governs the relations between currepts and the other the relations 
between potential differences in a circuit. These laws may be stated as 
follows :~ 


(4) The algebraic sum of the currents entering a point is 
zero at any instant. 


(41) The algebraic sum of the potential differences 
encountered in traversing a closed loop is zero at any 
instant. 
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Thus in Fig. 1, application of the first law with regard to 
the currents ij, 1, — iy provides the following independent relations :~ 
i = a = ve avs 
(4, i, iy + iy ° 0 
“ ip +4, -i5-17=0 
(4) 3 





Similarly the second 
law, applied in respect of the 
potential differences Vi» V2 --Y10» 
provides the following independent ve 
relations :- 


Pee eS tee v, Vy 
Vo => V5 - Y10 = } 4 Ig 
(43) Fige 1 - Typical circuit conteining 
oe -Vg-VQ=0 active and passive elements. 
. ~ Vg + Yio =o 


Although other similiar relations may be available they will Le 
found to be implicit in those stated. 


In the diagram tiree types of cirezit elements are indicated 


(a) a thin line denoting an ideal connector between other 
elements, and providing no impediment to the current; 


(b) a@ rectangular bux denoting a passive element, i.e. one 
which normally impedes the current, and 


(ce) a circular box denoting an active element, i.e. one 
which normally drives the current. 


The drections of reference for currents and potential 
differences are indicated by arrows; those for the potential differences 
are alongside the elements to which they refer, the tip of an arrow being 
taken to indicate the terminal of higher potential, and those for the 
currents are superimposed on the connectors, their direction indicating 
the flow. (This is the opposite direction to that of the movement of 
the electrons). It is emphasised that these directions are solely for 
reference and correspond with actual voltages and currents only when these 
emerge from the analysis with positive values. It may be noticed that 
in a simple circuit having only one generator the voltage arrow appears 
to assist the current arrow through the active element, and to oppose it 
through passive ones, although this useful relatior is only a consequence 
of the above conventions. 


Any closed path in a network is Imown as a Mesh, and the 
application of Kirchhoff's laws can be simplified by using the conception 
of Mesh Current Components to replace currents through the elements. 

Fig. 2 represents the same circuit as Fig. 1 when redrawn fran this point 
of view; (the voltage arrows are anitted for the sake of clarity). The 
current in any direction through a circuit element is the algebraic sum of 
the components in that direction contributed by those meshes of which it 
forms a part. Thus, by a comparison of Figs. 1 and 2 the following 
relations emerge :— 
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27 = a4 
4o = ip 
ons tg 
i, = ig + ip 


is = ig -ip 
i¢ i dy +4, 


i, = i, + 4p 





These will be found to 
satisfy equations (i), and signify 
ha: i i me : : 
pre ees ete Fig. 2 - Circuit showing mesh 
first law is automatically satis- currents, 
fied and the number of variables 
reduced. The components also 
simplify network analysis for 
other reasons; but it should be remembered that they exist only as a 
convenience in analysis, and cannot be endowed with a separate physical 
existence in circuits. 


Substitution Theorem 


This useful theorem, of general application, is #lf-evident, 
and may be stated as follows :- 


4& part of any network, coupled to the remainder only through 
its terminals, may be replaced without affecting the behaviour 
of the remainder of the network by a system of ideal generators 
of voltage (or current) which are arranged so as to preserve 
the previously existing potential differences (or currents) at 
the terminals. (The conception of an ideal generator of 
voltage (or current) is considered in Sec. 4.) 


References : 


BR 2296 Paras. 72 and 73. 


26/Menuals/1451 Sec. 136. 
AP 1093. Chap. 1. Paras. 31-38. 


CHARACTERISTICS OF CIRCUIT ELEMENTS 
3. Passive Elements 


Circuit problems cannot be solved simply from a knowledge of 
circuit laws; it is also necessary to know the characteristic properties 
of each element in the circuit so as to be able to predict its behaviour 
when sub jected to any specific variation of voltage or current. Al- 
though such properties may on occasion be very complicated, and express- 
ible only in the form of experimental data, tabulated or presented by 
méans of graphs, there is a wide range of elements for which much simpler 
specification is available. Thus it is found that for one class of 
circuit elements the current i is always proportional to the applied 
voltage ve Where this obtains the elements are described ag resistive 
(or purely resistive) and are known as resistors, The ratio v is 

i 
called the resistance of the element, denoted by R. The appropriate 
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R 


circuit soot i. shown in Fir. 3(a). The result :- vy 
RESISTANCE 
(a) 
7 = constant (i.e. E is constant) 
. c 
is knewn as Ohm's law. —|F— 


CONDENSER 
vor another type of element the (b) 


current i is always provortional to the rate 
L 


of change of the applied. voltare, dv. Such 000 
dt INDUCTANCE 


(SELF INDUCTANCE) 


elenents are said to be capacitive and are 
cc 


kmown as condensers (or capacitors’. Tie 


ratio i/dv is calleé the capacitance of = 
at 3 BE. 
the element, denoted by C. The aporopriate M 
g A : =n es : = MUTUAL INDUCTANCE 
circuit symbol is shown in Fig. 3(b). as 


Tne result :- 


= constant Fig. 3 - Gircvit symbols 


(i.e. C is constant) 


nas no particular name; it is the law for a condenser, and is usually 
quoted in the form 


where q is the charge on one plate, 


For yet another type of element the applied voltage is always 
proportional to the rate of change of current, di. Such elements are 
at 
said to be self-inductive, and are known as cails (or self-inductors). 
The ratio v/ di is called the self-inductence (or simply the inductance) 
at 
of the element, denoted by L. The appropriate symbol is shown in Fig.3{c). 


So far all elements considered have had one pair of terminals; 
but there is another type of inductive element with two pairs, having the 
property that if the current through one pair (primary) varies, then a 
voltage is established between the other pair (secondary), which, on open 
circuit, is always proportional to the rate of change of the primary current. 
Such elements are mown as transformers (mutual inductors) and the ratio 
v_(secondary ) is called the mutual inductance, denoted by Mi. The 


& (primary) 
appropriate symbol is shown in Fig. 3(@). 


These last two results, of the form 


= = constant ( i.e., L or Mis constant) 
at 
are a consequence of Faraday's Law of Electromagetic Induction, which 


states that the induced EMF is proportional to the rate of change of the 
flux turns threading a circuit. 


Actually no elements conform exactly and under all ciroun- 
stances to the ideal concepts of resistance, capacitance and inductance 
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Which have been defined, 000 é ee 
coll APPROXIMA 

though same may do so F 5 : ‘ oe 

nearly enough for WIRE OAV D0. no SIM ATION 


practical purposes within R L 


amore or less re- Hi 
stricted range of ELEMENT APPROXIMATION 


circumstances. Other ey 
elements may exhibit 
behaviour which can be 


simulated by combina- c nay 
tions of ideal elements, oA - © por oximanion 
the degree of simulation R 
increasing with the e SECOND 
complexity of the —f fe APPROXIMATION 
"equivalent network". R 

: gs a : 
(le ae oe ee or 200) 5 © A SPNCKIMATION 
s:ccessive approxi- ) 


mations to simulate the 

properties of a coil of 

wire and of a con- Fig. 4 - Equivalent networks : successive 
denser, respectively. approximations. 

It should be clearly 

understood that such 

representations serve a 

most useful purpose as 

equivalents, but that 

identification of parts 

of the representation with parts of the component represented is by no 
means always permissible, and that such points in the equivalent circuit 
as the junctions of R and L in Fig. &(a) have no physical existence. 


Circuit elements which may be represented adequately by an 
equivalent network made up of unvarying resistance, inductance and 
capacitance are known as Linear Elements, and circuits whose passive 
elements are all linear are know as linear circuits or networks. 

Sub ject to limitations, the theory of linear circuits may also be applied 
to circuits in which the fundamental parameters, resistance, induct- 

ance and capacitance, are functions of applied frequency or of time: 
specification of these limitations is beyond the scope of the text, 
except to state that the more gentle the variation of parameters, as 
compared with the mode of exciting the circuit, the more accurate is the 


analysis. 
References 
BR 229. Paras. 58-68 and 128-183. 
26/Manusle/1451. Seca. 127-133, 185—202 and 60-72. 
AP 1093. Chap. 1. Paras. 26-30 and 47-58. 
Chap. 2. Parase 2h-43, 
4e Active Elements 


Active circuit elements are primarily sources of electro~ 
motive-force and are ultimately responsible for all the electrical be~ 
haviour displayed by actual circuits. The voltage developed at the 
terminals of an active element is not the same in general as the EVE 
generated, the difference between these quantities being ascribed to 
losses in the element itself and arising from internal impediments to 
the current established. 

A 
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For a camprehensive circuit analysis it is therefore neces- 
sary to know the voltage which would be developed at the terminals of 
each particular gener- 
ator under all 
conditions of load. 

Just as it has been 
found convenient to Vian v Joror 


— 


describe the prop- ,; 

erties of a passive ~82()0--- --“#O){  }-- 
element in terms 

of an equivalent net- 


ACTIVE ELEMENT (IDEAL INTERNAL 
work, so it is help- GENERATOR — IMPEDIMENT 
ful to replace an 
active element by Vioap 2V-Vorop 


an equivalent com- 
bination of elements 


in which the prim- 
ary action cee Fig. 5 ~ Representation of an inactive 


ration of EMF) is element : constant voltage 


ascribed to an ideal equivalent network. 
active clement, de= : 

void of loss, asso- 

ciated with a pass- 

ive element, re- 

presenting the in~ 

ternal impediment; (see Fig. 5). For many practical active elements 
the internal impediment may be represented by a linear network, and 
further, the characteristics of the ideal generator may be found to be 
independent of load; both of these qualifications materially simplify 
circuit analysis. The ideal active element of Pig. 5 may be termed a 
Constant Voltage Generator, as it delivers an EF as stated under all 
conditions of load. An alternative equivalent representation is shown 
in Fig. 6, in which the ideal active element may be described as a 
Constant Current Generator, in that its function is to maintain a 
current as stated under all conditions of load. 


The idea 
of a constant. cur 


IDEAL GENERATOR 


to those who natur~ 
ally regard potent~ 
isl difference as Vicap 
cause and current as “Sir 


effect. In cirouit -*S2C)}~-- 
analysis, however, 


it is only the re- 
lations between these 
two quantities which INTERNAL 

have special signifi- tLoap = | = !prop IMPEDIMENT 

cance, and it is not 

necessary to assert 

that either notion is Fig. 6 - Representation of an active element: 
more fundamental than constant current equivalent network. 
the other. Thus the 

notions of ideal 

voltage generators 

and ideal current gene- 

rators are equally 

feasible, 
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References 
BR 229. Paras. 49=5h. 
26/fManuels/1451. Sec. 117. 
AP 1093. Chap. 1. Paras. 17-22. 


LINEAR CIROUITS 


5. General 


Linear circuits are those in which all passive elements (includ- 
ing those representing the internal impediments of active elements) can be 
represented by equivalent combinations of resistance, inductance and 
capacitance, i.e. circuits whose behaviour is governed by linear differ- 
ential equations relating voltage and current. Circuits to which this 
restriction cannot be applied are generally termed Non-Linear (ar Non-Ohmic), 
and the analysis of their behaviour is usually complicated. 


Certain results hold in the field of linear circuits which do 
not in general permit of wider application. These are stated below in the 
form of circuit theorems. 


6. Superposition Theorem 


In a linear network the current at any point (or the po- 
tential difference between any two points) may be regarded as the alge- 
braic sum of the corresponding currents (or potential differences) 
produced as each generator in the network is considered to operate in- 
dependently with all the others suppressed, 


To suppress a generator, in this sense, means to reduce its 
output to zero without affecting its internal impediment; this may 
be regarded as equivalent to short-circouliting the ideal voltage gene- 
rator (or open-circuiting the ideal current generator) in the equi- 
valent circuit of an active element; (see Figs. 5 and 6). 


7+ Reciprocity Theorem 


In any passive linear network the current produced at one 
point as a result of inserting an ideal voltage generator at another 
is identical with the current which would be produced at the second 
point by inserting the seme generator at the first. Similarly, the 
potential difference arising between any pair of points fran bridging 
any other pair with an ideal ourrent generator is identical with the 
potential difference which would arise between the second pair of 
points by bridging the first pair with the same generator. 


REPRESENTATION OF SINUSOTDAL CURRENTS 


AND VOLTAGES IN LINEAR CIRCUITS 





8. General 


Throughout this volume a capital letter (e.g. ¥) is used 
to denote any voltage or current which in the circunstances may be 
taken as remaining constant over the interval of time considered. 
Where the quantity under discussion varies it is denoted by a amall 
letter, (eege ¥). Thus, 


wef (t) 
is the relation indicating that the value of v at any instant t can be 
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expressed as a function of t. In the particular case of a sinusoidsl 
function, v might satisfy the relation 


A 2 
v=Vsinwdt, 


. denoting the amplitude, or peak value,of v, and the angular fre- 
quency, which is 2xf, where f is the frequency of the oscillatory volt- 
age. 


For the remainder of this chapter we are concerned with the 
analysis of linear networks which are subjected to steady sinusoidal 
voltages, emphasising in particular those points which are useful in 
subsequent chapters and which are not stressed in the references quoted, 
The behaviour of circuits which are not linear or which are subjected 
to other kinds of voltage-variations is discussed in other chapters, 


The importance of the sinusoidal voltage in this field is 
due to the ease with which the results for all types of circuit elements 
can be specified in simple form. Thus, in any linear network sub- 
jected to one or more sinusoidal voltages of the same frequency the 
current at any point and the voltage between any two points are also 
sinusoidal (of the same frequency) and can be specified in terms of 
amplitude and phase, measured with respect to one of the generators. 
This form of specification also avoids an undue emphasis on the instan- 
taneous values, which have rarely any special interest, notwithstanding 
the fact that they represent the actual events occurring. The commonplace 
existence of sinusoidal voltages gives added importance to this type of 
analysis. 


In building up a sinusoidal analysis of circuit behaviour, the 
trigonometry associated with instantaneous values is commonly avoided by 
the use of vector representation, in which instantaneous values are 
regarded as the instantaneous projections of rotating vectors, Such 
vectors are used to represent voltages and currents, length representing 
amplitude and direction representing phase. Phase difference is 
represented exactly by difference in direction of two such vectors, 

By the use of complex numbers the geometry of such vector 
diagrams can be expressed in algebraic form. For instance s 


a = te der + 9) 


1 i x 
represents a vector diagram in which a vector of length i, passing through 
the direction # at zero time rotates with angular velocityw. Now 


Te det +A 4 /coslst +9) + J sinwt +9) / 


the term 4 cos(t + 9), (mow as the Real Part) denoting the project- 
jon on the horizontal axis, and the term j 2 sinW&wt + 9) (known as the 
Imaginary Part), the projection on the vertical axis. This enables 
vector treatment to be translated into the actual instantaneous values 
at any stage by considering the real parts of the expressions for 
voltage and current. The use of complex numbers in expressions infers 
that voltage and current are also specified in similar terms, and the 
rewording of the results in terms of real voltages and currents is 
often left to the reader; this is a common practice in electrical text 


books. 
For convenience the representation on a diagram of such a 


ve ee Jet oy 
is denoted by an arrow, thus; v. 


vector as 
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References 
BR 229, Paras. 339-348 
26Manusis/1577, Chap. II. Appendix I, 
AP 1093. Chap. V. 


9. Complex Quantities 


Fig. 7 represents a vector fF which is shown in relation to 
a pair of perpendicular axes; the horizontal axis is called the Real 
axis and the vertical axis the Imaginary axis. Vectors drawn parallel 
to the imaginary axis are prefixed with j to denote this direction. | 
Thus &@ represents a step of amount a parallel to the real axis and jb 
a step of amount b parallel to the imaginary axis. Combining these 
steps the resultant becomes @ + jp represented in the diagram by Y. 
Hence we can write 


> 


> —_ 
r=adt jb (Cartesian form). 


In analysis the arrows 
are omitted, so thet the express- 
ion is written 


{MAGINARY 
AXIS 


r=at jo 


Alternatively, Tisa 
vector of length iri making a 
direction 6 with the real axis, 
and can be thought of as a 
vector of length iri , origin- 
ally lying along the real exis, 
which has been rotated through 
an angle 0. The quantity re- 
presented by iri is called its 
magnitude, whilst @ is sometimes 
conveniently referred to as its 
phase. Se auie can be Fig. 7 - Representation of a vector. 


used to denote this process: 


(i) r= iri © (polar form) 
or (44) r= irig 38 (exponential form) 


REAL 
AXIS 





The latter form is used in this wolume. 
We can thus write 
raat jb= Int ¢ 38 
= (ri cos @ + j Ir| sin 63 
whence, a = {rl cos © 


and b= irl sin 0 


On the other hand, r =/ 92 + p2 


and tan@= Pb, 
a 

We may use complex numbers to represent the effects produced 
by sinusoidal voltages and currents if the numbers are carefully inter- 
preted as explained in Sec, 8. For these applications, r becomes v or 
i, whilst [ri becomes {vj or lil. Since Iv! or {ii is equal to the 
maxcimum or peak value of the real part of, the. voltage or current, it is 
more convenient to use the symbols ¥ and 2 in place of Iv) and Jil. 


of 
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For both current end voltage, @ varies uniformly, executing 
one rotation per cycle, and has angular velocity W = 2nf. Thus, 


vz tldwt +f) ana 4 = TEI@* + Be) 
represent a voltage and a current of smplitudes % and 3 and phases 
Wt + g andwt + Y, respectively, the voltage leading the current in 
phase by the angle 
wt + = &t + Go) 
= A - Go . 


We may also use complex numbers to denote the ratio between the vectors 
representing voltage and current. Thus 
gg st + %) 


LT  FEIOt + Po) 


= % iB, rs Bo) « 
Z 


This new vector v is stationary and is usually denoted by z = zee 
i 


and g = A - Go ‘ 
2 can also be written in the cartesian form 


z=R+ 3X, 


where R and X correspond to the Resistance and Reactance enoowuntered 
in the usual analysis. 


Care must be taken in using complex numbers to represent 
voltages and currents in calculations involving power. For exemple, 
if the instantaneous value of the voltage applied to a load is in-~ 
dicated by the real part of 


Vs Seder + 9) 
end that of the load current by the real part of 
i = fe I@t + Yo) 


then the instantaneous power consumed by the load is given not by the 
real part of the product vi but by the product of the real parts of v 
and i considered individually, Its mean value is¢¢% cos(A- 92). 
Gos($, - Yo) is celled the Power Factor ‘of the load. (In generel the 
Power Factor is defined as the ratio of the’ mean power consumed by the 
load to the product of the RMS (Root Mean Square) amplitudes of the 
load voltage and current. For sinusoidal variations the RMS value 
(Wor I) isl times the maximum value, 20 that 


A Aa 
2 


Chap. 1, Sect. 10 


iG. Vector Dinscrams 
Fige 8 represents a voltage given by 
ve te Jwt 


~ A 
as a vector of length v and rotat- IMAGINARY 
AXIS 


ing at an angular velocityo. When \e 
several vectors are to be compared, ee 
representing sinusoidal voltages 
or currents of the same frequency, 
it is usual to replace the diagram 
of roteting vectors by referring 
all the vectors to one of the set 
as a reference vector. This is 
normally drewn along the horizont~ Bige 8 - Rotating vector. 
al exis, and each of the other 
vectors is given the appropriate 
length and phase campared with 
those of the reference vector; 
(Fige 9). All vector diagrams in 
this volume representing voltages 
or currents are of this relative 
type unless otherwise stated. 


REAL 
AXIS 





For convenience, when 
comparing vectors a vector may 
be transplanted to any origin in 
its plane, since the only sig- 
nificant quantities are length and 
direction, and provided these 
remain the same the significance 
is unaltered. 





Fige 9 ~ Relative vector diagram. 


Vectors are added as 
indicated in Fig. 10(a); 


— —* Be 
OP + FQ = OQ. 


To subtract one 
vector from another the vector 
to be subtracted is reversed in o . 
direction and the reversed vector 
is then added to the other. (a) 


Eege, referring to Fige 10(bd), 
—> —_ 


OP - 09 = OP + FR 


OR. 





Fig. 10 - Addition and subtraction 
of vectors. 
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IMPEDANCES AND ADMITTANCES 
il. General 


As explained in Sea 8, if v and i are complex quantities 
representing respectively the sinusoidal voltage applied to a linear 
two-terminal network and the current which flows through it, the ratio 
v is a complex number called the complex impedence, or, more simply, 
i 


the impedance of the network, It is denoted by the symbol % The 
phase angle of this impedance, which is the angle by which the voltage 
vector leads the current vector, is denoted by J, and the magnitude of 


z by Z 


Th 
= 2= 208, 


(In this volume the phrase "magnitude of the impedance" is 
used to denote Z; the cammon but somewhat confusing practice of using 
the word Impedance to denote both the complex number 2 and its magni- 
tude Z is thereby avoided), For a passive network 9 may have any 
value between + 90° (5 7% radians), If 0<9 % 90° the network is 

2 


inductive; for - 90° £ 9<0 the network is capacitive. 


If g = = 90° the impedance is purely reactive and may be 
denoted by z= jZ, where X is the reactance. Such an impedance is 
presented by an ideal coil of inductance L, where X =<WL, (J = + 90°), 
or by an ideal condenser of capacitance C, where X=- 1 , (J = - 90°). 

wo 


In practice coils and condensers possess resistance, and the imped- 
ance is correspondingly modified; (see Sec. 3). 


In general the series resistance R is the real part and the 
series reactance X the imaginary part of z, so that z=R+ JK. 


The steady state of a two-terminal network in response to a 
sinusoidal voltage of given frequency is determined exactly when the 
magnitude Z and phase angle 9 of the impedance are know, 


Alternatively, it may be simpler, particularly when deal- 
ing with parallel combinations of networks, to conduct the snalysis 
in terms of admittances rather then impedances, The ratio i/v is a 
complex number, called the (camplex) admittance of the network, and is 
denoted by y. Hence y = 1/z and the magnitude of the admittance is 
given by Y= 1/2, so that y = YO-¥, 


The real part of y is called the Conductance and is denoted 
by G, and the imaginary part is called the Susceptance, denoted by B. 
Thus 


The susceptance of an ideal coil of inductance L. is ~ 1foL, and that of 
an ideal condenser of capacitance CiswC, For an ideal resistor of 
resistance R, G = 1/R. 


Further comparisons between admittances and impedances are 
made in Sec. 15. 


It should be borne in mind that knowledge of the magnitude 
and phase angle of an impedance (or an admittance) gives no kmowledge 
of the nature of the components forming a two-terminal network, It 
merely indicates the overall effect at the frequency considered. 
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12. Heimholtz's, trevenin's or Norton's Theorem 


This theorem, variously attributed, wholly or in parts, to 
the above-named sclenvists, may be stated as follows :- 


If a linear network can be divided into two parts, coupled 
only by a pair of conductors (Fig. i1(a)), then either part (removed network) 


may be replacad, without affecting the behaviour of the other part (remaining 
network), by the substitution of 


(i) A constant voltage generator, giving the open-circuit 
vo.tage Vog at the terminals of tne removed part, in 
series with its output impedance z,; ‘Tig. 11(b)); or 


(41) A constant current generator, giving the short-circuit 


current ige at the terminals of the removed part, 
shunted by its output impedance zg; (Fig. 11(¢)). 


(a) 


REMAINING 
NETWORK 





(bd) 






REMAINING 
NETWORK 


(©) 


WIQ) w& wl 
ee! 


Fig. 11 - Helmholtz's, Thevenin's, or Norton's Theorem; 
Schematic representation. 
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The output impedance Zs is defined as the impedance looking 
into the terminals of the removed network when all its generators are 
suppressed; (see Sec. 6 for this use of the term "suppress"). . 


This theorem can be extended to networks in which the two 
parts referred to are coupled by any number of conductors, 


It is legitimate to alter the make-up of the remaining 
network after substitution has been made for the removed network, as 
the latter is replaced by an equivalent combination of elements which 
are independent of the former. (Note that such variations cannot be 
made when the Substitution Theorem (Sec. 2) is employed, without 
re-specifying the substitute generators). 


As an example of the above theorem consider the circuit 
shown in the left-hand diagram of Pig. 11 (a). Each shunt branch may 
be considered as a constant-voltage generator (v,.) in series with 
its cutput impedance z,. To calculate the output voltage v, replace 
each branch by the equivalent representation i.e. a constant-current 
generator, giving the short-circuit current i,,, shumted by the output 
admittance yr. The resultant current isZi, and the resultant admitt- 
ance 2 y,. 


Hence vyo= 2 iy | 








° 
Z yy 
But i, = Vz/Z, 
and Jp = 1/ty- 
Yr 
Hence Vo = ee 
a 
z Ly 
The above result holds equally for DC, and may then be quoted in the 
fom ¥ 
= th. 
V5 = 


13. Star-Delta Transformation 


This useful transformation is illustrated in Fige12. Any 
three-terminal linear network excited at a single frequency may be replaced 
in the steady state by either of the forms shown at (a) and. (by; the 
arrangement (a) is called a Star (Y¥) network, and that at (b) a Delta ( ) 
network, If at such a frequency the impedances forming the Star=network 
aré 21, % and 23, and those forming the Delta-network are z,, %, and Z,, 
as shown, the conditions for the networks to be equivalent may be written 
in either of the following forms: -~ 


my = Mh tet 2 25 + 85% 
*y 


ar ct eae Sot Radka Za 
Bo 

2 4% + Bo % Pe Ba AL 

re 
25 


o6 
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or inversely: - 


boa 8 = Zp Bo 
ZZ, + % + B, 

zy = 5, 7c 
So Bee. 


Za %p 


z 
B+ t+ By 


In filter theory 
similar networks are often de- 


noted by the terms T (for Star) 
and ™ (for Delta). 


1h. Series Networks 


It may be con- 

venient to represent a two- 
terminal network by a simple 
series arrangement having the same 
impedance as the actual circuit. 
If this simple circuit consists 

of a resistance R, and a reactance 
X, in series, as shown in Fig. 13, 


we have Fig. 12 - Star-delta transformation. 


2 = R2 2 
Zz = Re + Xs 





and tan 9g = X, 
F) 


Since Gos @ = %s_ ; : . ey me 
z i 
Z=R, sec g. LEN 

ww 


The power factor of the network (a) 
is cos #. 


° 


For an inductive network, Fiz, 13 - Simple series network. 
represented as a resistor of resist- 


ance R, in series with on ideal 
coil of inductance Lg, 


X, =WL,, so that 


tan 9 = WL 





3 


Hor a capacitive network represented as a resistor of resistance R, in 
series with an ideal condenser of capacitance C,, 





Xs, = + i so that 
WC, 
tan g = - ee Ieee ° 
WO, R 


s"s 
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15. Parallel Networks 


It may be convenient to represent a network by a simple 
paraliel arrangement having the seme impedance as-the actual circuit. 
If this simple circuit consists of a conductance Gp and a suscept- 
ance Bp in parallel, as shown in Fig. 14, we have 

y= Gp + JBp 

2 2 
yx Ge + BS 


and tan Ja -—2. an 


4 


P * B <o Bp 
Since Cos J = ze, 6 ch 


Y = Gp sec g ° (9) @ 
Fig. - Simple parallel network. 
The power factor is, as acne ie 
before, Cos g. 


For an inductive network, represented as a resistor of 
reactance Ry in parallel with am ideal coil of inductance Lp, 


a = 2 and B, = “ate » 80 that 
D 





tang = % , 
OL, 


For a capacitive network represented as a resistor of 
resistance Rp in parallel with an idesl condenser of capacitance Cp, 


Bp = Wy» 80 that 


tan J= - wy Rp. 
16. Q - Factor of a Component 
This factar is commonly used to indicate the goodness of a 
reactive component. 
do Reactance 


ene frequenc 
For a single component the rat Bastetanse at any q iy 


is called the Q - factor of the component at that frequency. A practical 
coll can be represented approximately by an ideal inductance L in series 
with the resistance R of the coil; (see Fig. 4(a))e In this case the Q of 
the coil is XL . _L. It follows from Secs. 1, and 15 that Q= tan? ; 


R R 

also thet if the component were to be represented for convenience as 
a@ pure susceptance in parallel with a pure conductance, Q would be 
given by (Susceptance|. Since for a condenser this latter repre- 

Conductance 
sentation is more common, as indicated in Fige 4(b), the Q ~ factor of 
such a condenser is given by 

Qs Qe. = WR, 

R 
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Although the above formulae suggest that the Q of either 
component is proportional to frequency, in practice this is not the 
case for the following reasons t= 


(i) the representation adopted is approximate only and. 
ia not accurate at very high frequencies. For 
example, the shunt reactance of the self-capacit- 
ance of the coil reduces the effective inductance 
and eventually the coil resonates with its self- 
capacitance as a parallel resonant circuit. 


(41) The resistance of a coil is not constant, but, owing 
to skin effect (which causes the current to be forced 
more and more towards the surface of the conductor) 
increases as the frequency rises. 


For these and other reasons there 
is a maximum value for the Q - 
factor of any coil (or condenser) 
occurring at a definite fre- 
quency; (Fig. 15). Practical 
values’ for the Q ~ factor of a 
coil for use at radio fre- 
quencies cf several megacycles 
per second are from 50 - 200. 
The higher the walue of Q the 
narrower is the frequency band 
over which it is maintained. 


The Q —- factor for 
an air-spaced condenser is very 
large compared with that of a 
ciara Felueckacebanrtegrratig asia Fig. 15 - Variation of the Q- 

a cuun factor of a coil with fr . 
in the condenser are due almost ae aay 
entirely to the dielectric. 

However, Q is still usually much greater for such a condenser than for 
the coils used at the same frequency, and since 

‘ein 7 ae o =. i e 
Q= [tan Z| andis large, J= 90° and |ten 9] Se 
Henee the Q - factor of e condenser with a solid dielectric is 
approximately equal to 1, where F is the power factor of the di- 

F 

electric. This may have a value from 100 to 5000, 


17. Equivalent Series and Parallel Networks 

A twoeterminal network may be represented at a single 
frequency by :- 

(4) an equivalent series combination, or 

(44) an equivalent parallel canbination, 


of simple components, as described in Secse 13 and 14, In either 
case the impedance of the equivalent network must be the same as that 
of the actual network, having the seme magnitude and phase angle, 


Suppose z is the network impedance, of magnitude 2 and 
phase angle g, and y the admittance, of magnitude Y. Let the 
equivalent series combination consist of R, and X, in series, and 


the equivalent parallel combination of Gp and Bp in parallel, The 
follcwing relations then hold :- 


ne 
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we 


we 


HIE we 


R = Z cosg, 


@=» ft cos J, 


Henos R, G, = cos” g 
ss 2 1 
or Ri = me cos* J, (where By a 


Also, since X, = R, ten 9 
X, B, = - ten’ 9 cos” g 
=~ sin’ g 


Hence X, =X, sin? g, see Asi) 


The relations R, = Rp cos” Gs 
ona X, = X, sin’ 9 


make possible a rapid conversion from a series to a parallel arrange- 
ment or vice versa. 


When the network consists of a single coil or condenser of 
large Q we may write tan 9 - Q where Q>>1. 


Then sine g = 9? Se 1 
1 + Q¢ 
and cos” = 21 = 1, 
The equations relating series and parallel components may then be 
written 
Bp OR, 


and % = zo 


18. FREQUENCY CHARACTERISPICS OF TWO-TERMINAL NETWORKS 


Certain properties of simple ‘linear networks with small 
losses can easily be deduced if the presence of resistive components 
is neglected, and a first approximation to the behaviour of the net- 
work can thereby be obtained, The impedance of any of the remaining 
elements, or combination of these elerents, is then always reactive 
(or, in particular cases, zero or infinite). 


For example, the reactance X;, of an ideal coil is WL, 
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and this is directly NETWORK REACTANCE CURVE 
proportional to fre- 
quency; (Fig. 16(a)). 
The reactance X_ of an 
ideal condenser is o—009,-—0 
-L_ and is inversely 

wc 


proportional to fre- (a) ° 
quenoy, so that a 
ph showing the 


x 
ara) x 
variation of Xo with 
f is a rectangular ° f 
hyperbola; (Fige 16 Bee 
(b)). The variation c 
of the resultant re- o—{}-—o 
actance of these two 
in series is found by 
adding the ordinates (b) 


of the curves (a) and 
{3s and is shown at 


Gje 


For a 4 
eertain value of f 
given by f,, where 
t c ° 
OL = Sat ’ ’ IK fr 
ices 
wor = “a * (c) 


so that Fig, 16 + Reactance curves o: ~imple 
non-resistive networ:s. 
f i 


= 
F en/ie ’ 


the resultant reactance of L and Cin series is zero. Thiz frequency 
is called the Resonant Frequency of the circuit. For lower frequencies 
this circuit, formed of ideal reactive components, is purely capacitive, 
and for higher frequencies, purely inductive, 


~~ 





For parallel circuits it is more convenient to use sus- 
ceptances instead of reactances. The susceptance By, of an ideal coil and 
Bo of an ideal condenser vary with frequency as illustrated in Fig. 

17(a#) and (b) respectively, and the resultant susceptance of the two 
in parallel is formed by adding the ordinates of the curves (a) and 
(b). ‘This resultant is shown at (c). As for the reactance curve of 
the series circuit, this curve has a position of zero susceptance at 
the frequency 


= 1 
OS 





called the resontant frequency of the parallel circuit. For lower 
frequencies this circuit is purely inductive, and for higher frequencies, 
purely capacitive. 
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If the 


susceptance of any 
cambinaetion of L 


B 
and U is know the 
reactance may be 
obtained by taking 3 ' 


the reciprocal of pons 

the susceptance and 

changing its sign, 

since for a purely 

reactive impedance 

X= -l. The és 
B 


converse process 
also holds. Equi- 


B 
valent reactance 
and suceptance 
curves obtained in 
this way for the c 
Series and parallel Sho 
combinations al- 
ready described are (b) 
shown in Figs.18(a) a t 


and (b), together 


with similar curves 8 

for more canpli- 

cated networks, at 

(c) and (4). L 7 Z t 
portant property of 

these reactance and 

susceptance curves 

is that the slope 

is always positive. ~ 


The reason for this 


NETWCRK SUSCEPTANCE CURVE 


is clear for the Fige 17 - Susceptance curves of simple 
simple expressions non=-resistive networks. 
XewxWLor -l_ , 

wc 
B=WC or -1_, since 

wi 


in each case dif- 

ferentiation with respect towor f yields a positive derivative. The 
general case may easily be show by induction, If Xis the reactance 
of any combination of L and C, and either Ly or ©, is added in series 


with X then if SM is positive so also is 4. +WL,) or I 
2 ao a a 
(X = aa e In fact, each additional series reactance increases 


the slope at that frequency. A similar proposition is true if a 
susceptance is added in parallel with Bj. Hence, aince dX and 
aw 


GB are always positive for the simplest networks, nemely those con- 
aw 


sisting of a single reactance, they are always positive for any series 
or parallel combination of such networks. 


This fact makes the sketching of reactance and susceptence 
curves relatively simple. One is seldom interested in the exact 
variation of reactance or susceptance with frequency. It is usually 
sufficient in the first instance to plot approximately the frequencies 
at which the ordinate of the graph considered is zero or infinite, i.e, 
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the frequencies of series and parallel resonances The general shape 
of the graph can immediately be sketched approximately once these 
points are determined, 


REACTANCE CURVE SUSCEPTANCE CURVE 











Figs 18 - Keactance and susceptance curves of various 
non-resistive networks. 


It has been possible to plot the variation of impedance 
or admittance, showing the variation both of magnitude and phase 
angle (490°) on a single graph in Figs. 16 - 18 because the camponents 
were chosen as ideally reactive, having no resistance. In practice 
all components have resistance, and for accurate representation 
more than one two-dimensional. cartesian diagram is necessary to re~- 
present the variation of magnitude and phase angle with frequency. 


; Fige 1248} shows the result of converting the reactance 
diagram of Fige 16(c) for the Series Resonant Circuit, consisting of 
L and C in series, to a diagram representing the magnitude of the 
impedance. Since R= 0 and2=/Xi, the Z-curve is obtained by 
changing the sign of X in Fig. 16(c) where this is negative, 
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The phase variation is also shown, 
We now 


consider the effect of 
inserting in series 


Zz 
with L and C a re- t 
sistance R, sufficient- 
ly amell so that at 
the resonant frequency 
the reactance x, é ' 
(which is then equel to 


-Xq) is much greater ‘ e 


-~ 


' 
t 
than the resistance R. 1 F-—o ‘| 
The effect | 

of R is appreciable (a) ° i 
only near resonance, - 


since then the posi-~ 
tive and negative re~ | 
actances cancel each 

other, so that at the 

resonant frequency 

the impedance is R, 

For only small de~ 

viations from re- 

sonance the result- 

ant reactance is i, hea? e 
much greater than R O20 A] Fo 
and the effect of R 
is small. This is 
illustrated in 
Fige 19(b). 


z 


(b) 


A more 
precise account of 
the behaviour of the 
eircuit in the 





neighbourhood of the Fig. 19 -— Effect of small series 
resonant frequency is resistance on series L-C 
given by the Universal circuit. 

Resonance Curve; 

(Sec. 19). 


A corresponding modification is needed to the diagram 
representing the magnitude of the admittance, Where the magnitude of 
the impedance is small, but not zero, ar in Fig. 19(b), that of the 
admittance is large, but not infinite. Conversely, zeros in the 
admittance curve for resistance-less networks are replaced by finite 
admittances of small magnitude, corresponding to impedances of large, 
but not infinite magnitudes, 


A similar procedure usually enables the behaviour of more 
complicated networks to be assessed qualitatively with little de- 
tailed analysiae The modifications necessary to the impedance 
curves of purely reactive networks to allow for slight losses usually 
consist of replacing zeros by small, and infinities by large, in- 
pedances and edapting the neighbouring portions of the diagrams 
accordingly. The resonant frequencies are little changed provided 
the losses are sufficiently snell, (The procedure may be invalid if 
zeroa and infinities in the reactance or susceptance graphs are very 
close together) 
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19. RESONANCE 


It follows from Sec. 17, (Figs 13(c)) that at a certain 
frequency the total reactance of L and C in series is zero, Above 
this frequency the circuit is inductive (g = + 90°) and below, capaci- 
tive (f= - 90°). Similarly, Fige 14(c) shows that at some fre- 
quency the total susceptance of L. and C in parallel is zero. Above 
thi» frequency the circuit is capacitive (g = = 90°) and below, 
inuuctive (7 = + 90°). In both cases the resonant frequency is 
given by the relation 


W yds. 1, 80 that f, = i 
0G 2n/LC~ 


These results are modified by the presence of resistance, 
some resistance being wavoidable, notably the series resistance of 
the coil, 





For the series (acceptor) ciroit, if R is the totel series 
resistance of the circuit, the impedance can be written 


z=R+ j@L~ 1) 
coc 


and at resonance the reactive component is zero s0 that u1=R. The 
reactive component grows rapidly and becomes large in comparison with 
R for very small deviations from resonance provided the ratio 


the mapritude of the reactance of either kind at resonance 
the total series resistance of the circuit 





is lerge, This rat’o is called the Q - factor of the circuit. It 
follows that 


Q eer = ste * b/s 
z wD pCR R Cc 


Since any equivalent series resistance associated with the 
condenser ig usually negligible by comparison with the series resist- 
ance of the coil, in most series circuits used for HF work R is the 
resistance of the coil, so that the Q - factor of the circuit is the 
same as the Q - factor of the coil at the resonant frequency of the 
circuit. 





We may write 
WL 2 R.& Orb . RQ & 

: On R Or 
and a= R.&r. 1 = RQ Yr, 
WC Ww WR 
Hence z2=R+ JR (# - er 

Or aw 


If we put f =f, (1+8) 


th oO. -=« £f 
and Oe gs ak = 1. 5 provided 5 is small. 
Ww Les 
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Hence WO ~ Wy = 28 
or w . 


Thus z= R(1+j2Q8 ) 
As is shown in Sec. 14, 
Z=R sec GY; 


also tan J = xX; 
R 


but 2=R+ jx 
=R+jRtn@ 
=R (1+ j tan g). 
Comparing this with 
z= R (1+ j 298) above, we see that 
ten f= 2Q8. 
The approximations involved in the above analysis depend 
on § being small. This is true for quite large values of 9 provided 
Q is large. The variation of # and Cos g with Q5 is showm in Fig.20. 
This graph is known as the Universel Resonance Curve. It may be used 


to represent the response of any resonant circuit in the neighbourhood 
of resonance provided Q is know and is large. 






~Q8 (SERIES RESONANCE ) +6 (SERES RESONANCE) 


= = > 2 3 
+5 (PARALLEL RESONANCE) ~Q8(PARALLEL RESONANCE) 


Fig. 20 - Universal resonance curve. 
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The analysis of the parallel (rejector) circuit of Fig. 
15,c) when the resistance of the coil is teken into account is more 
complicated’ than that given above for the series resonant circuit. 
(See :~ BR 229 Paras, 316 and 317; AP 1093 Chap. V Paras. 48 — 53) 


A simple approximate treatment can be obtained using the 
results of Sec. 17. For any angular frequency w we may replace the 
series combination of L and R by the parallel combination of Lp and 
Rp as shown in Fig. 21(a), provided 


R= Rp Cos? g 
2 w Rp 
and L in’ wh ten es ES ee 
= ly sin“ Y,, where %, . Bp 
The snalysis of the network formed by Rp, L and C in 


parallel (Fig. 21(b)) is then very similar to that of the network 
containing R, L and G in series, and the resonant frequency is given 


by 





At resonance the susceptance of C is exactly cancelled by 
that of Lp and the resultant impedance is the resistanae Rp, called 
the Dynamic Resistance of the circuit. Gp, the reciprocal of Rp, is 
the Dynamic Conductance. The Q - factor of the circuit is defined as 
the ratio 


the magnitude of the susceptance of either kind at resonance 
the dynamic conductance 





and therefore 1 
Q = wo ro = a x P = WCRp =, Ry > 
Gp Gp Ort, 


and this is equal tor! = ten &, = the Q - factor of the coil at 

R 
the resonant frequency, %j, being the phase angie of the coil impedance 
at this frequency. 


Provided Q is large so that Q? >>-1, we may put Lp =L 
and Rp = Q2 R. Also, the substitution of the parallel network of 
Fig. 21(a) for the- series arrangement may be assumed to hold for the 
same values of L, and Rp in the immediate neighbourhood of resonance. 


The following relations then hold s+ 


Q'; 2 £1 /E = mw /G; 
nh R./ ct ° L 


fy = Set eee 
2 1. /EC 
In all cases Ry = L . 
RR 
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The exact expression for fe can be obtained by substituting 
for Ly the exact relation 
be 


= 


L. cosec® Or 


L (1 + R? ) 
we 


Sincews 1,0 = 1, this gives 


SEN RE ey Gk 


w2 Le 
or we Le = Tet ce 
L 
2 
Hence w,, = /1L- "Tt 
fC L 





ll 
‘| 


Unless 2 < 1 there is no frequency at which the sus- 
L 
ceptance is zero, and the network is capacitive at all frequencies; 
(see Sec, 21). 


Effect of Parallel Damping on Rejector Circuit 





The value of Q for the undamped circuit (i.e. containing no 
additional damping other than the series resistance R) may be denoted 
by ,@, and the corresponding dynamic resistance by 5kp. If additional 


resistance R' is placed in parallel with the network, Rp is corres~ 

pondingly modified, and may be denoted by 4Rp :- 

. gc a ee pe 

1Rp oD 
The Q - factor of the resultant circuit is modified accord- 

ing to tue relation 


(Fig. 21 (c)). 


+ oy 


. Q 
=: <—, so that for 
ip 


parallel damping, Q & Rp, other parameters remaining unchanged. 
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(a) 


(b) 


IRo 


. i 





NOTE - 

EQUIVALENCES DENOTED 282 ARE VALID 
ONLY IN THE NEIGHBOURHOOD OF ONE 
FREQUENCY — fr 


Figs 21 = Rejector circuit. 


Use of Universal Resonance Guve 


Provided @ is large the universal resonance curve gives 
accurately the variation of impedance (or admittance) of a series or 
parallel resonant circuit in the neighbourhcod of resonance. For 
example, consider an acceptor circuit fed by an EMF of constant 
amplitude 7 end variable frequency f; (Figs 22 (a)). The resonant 
frequency is f,, and Q and R are knowm,. fhe current at ne oe 


is¢e, when the input EMF is of frequency f,,, is of amplitude i, = > 
At other frequencies the amplitude of the current is :- 


A 


thi % = va - WA Se 4, 
= : Z R a R meg 4 con 9 





The universal rgsonance curve gives the variation of cos @, 
but plotted against Q6. However, since ¢ and f, are know f can be 


determined from the relation 
§= f-fr 
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co that f= £, (1 +98 ) 5 


and for each value of Q 8 the corresponding frequency f can be found. 







vf 
(VARIABLE 
FREQUENCY) 


(CONSTANT 
FREQUENCY) 





Figs 22 =- Use of yniversal resonance curve. 


The response can then be represented as in Fig. 22(8). 


When the current is divided by a7 the curve shows the 
variation of the magnitude of the admittance. 


Alternatively, the EMF may be of constant amplitude q, 


and frequenoy f, while one of the reactive components is varied as 
dllustrated in Fig. 22(b). Provided Q is large and the series 
resistance of the circuit is constant, the universal resgnance curve 
may be used to represent the variation of the voltage across either .- 
resstive component as the resonant frequency is varied. é., the 
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capacitance of the condenser may be varied and the movement calibrated 
in resonant frequencies. For a given Q, f,, may be determined for 
each value of Q6 from the relation 


fia of t= (2-95). 
1+ 96 Q 
Q 


The output voltage at resonance is Q 7, so that the 
variation is as shown in Fig. 22(b). The Q-variation of v, is ob- 
tained by first plotting the variation of phase of the circuit current; 
for f,,>f, is¢., below resonance, the circuit 1s cepacitive, and 
above resonance, for fy f, inductive. The require phase-variation of 
the output voltage is similar, but delayed by 90° on the phase of the 
current, and hence appears as shown in the figures This example indicates 
why Q is sometimes mown as the “magnification factor", 

Fig. 22(c) illustrates the use of the universal resonance 
curwe for a rejector circuit fed by an ideal current generator of con- 
stant amplitude i, but varying frequency f. The output voltage has 
amplitude %, where 


? = 245 


2, Ry cos g. 


The method of determining the frequency seale is the same 
as for the series circuit discussed first. When the ordinate is 
divided by 13 the curve becomes one of impedance. 


a" 


20. QOUFIED CIRCUITS 





The theory of simple coupled circuits is considered in 
Service Reference Booksas follows:= 


BR 229 Paras. 334 - 337. 
26Manuals/1577 Sec. 10 (and Chap. II app.B.) 
AP 1093 Chap. VI. Paras. 23 - 31, 


A few additional remarks are made here with a view to 
presenting some of the results in the form in which they are used in 
the remaining chapters. 


Two simple series networks coupled by means of their mutual 
inductance are illustrated in Fig. 23. The primary circuit is 
considered to be fed by an ideal voltage: generator of EMF vq. The 
mutual inductance between the circuits is M; the totel secondary in- 
pedance (i.e. the impedance of the secondary circuit when M = 0) is:- 


Zo = Ro + J ly - 1), 


R, Cc, Cy 
OG - 

The total primary dg - 
impedance, i.e. the impedance of i3,e Ra 
of the primary circuit when . bi Lo 
M=O, is ; 


2, =B +3 @L, - 1 
17% "I BO, Me Gpiigs Dyk etree coglen by 
mutual inductance, 
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but it will be show that this is not the impedance presented to the 
generator. 
The EMF induced in the secondary circuit due to i, in the 
primery is , 


=u 4 


v 
‘ at 


= joM 4). 
This causes a current 4, to flow in the secondary circuit given by 
i, = V2 = some 
2 Bo 2g 


Owing to this current an EMF is induced in the primary circuit given by 





at 
2 WA 
ese oe ‘ 
2 
a “y2 ‘ 
BO, rg eens 
2 
The net EMF in the primary circuit is therefore vq + ¥,, 80 that 
vg > 2M! ke a a 
G 2 iy 
and therefore the impedence presented to the generator is 
= YG =z Or 4 we + 
4, - Bo 


The second term on the right hand side of this equation is 
oalled the Reflected Impedance of the secondary circuit. 


21. BROAD-BANDING 


The principle of Broad~banding is one of wide application 
in radar circuits. In its extreme form the requirement is to design 
a network which will pass uniformly signals of all frequencies within 
a@ Wide band and which will reject all others; but for most purposes 
a@ rough approach to this ideal is satisfactory. Band@-pass circuits 
are dealt with elsewhere, and this section is restricted to the con- 
sideration of a network which is essentially a simple type of low 
pass filter: i.e. it gives a response which is reasonably wmiform for 
low frequency signals, but which eventublly falis off as the frequency 
is raised, 


The impedance of an ideal resistance is constant at all 
frequencies, In practice this cannot be achieved, particularly be= 
oause of unavoidable siumt capacitance, which reduces impedance at 
high frequencies. This is illustrated in Fig. 24(a). For low fre~ 
quencies, 


2 =F, 
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but for higher frequencies, at which 1 is small enough to be con~ 
wC 
parable with BR, the magnitude of the impedance is given by 


Z2 3 R cos g; 
and this becomes very anall as 9 upproaches -90°, ieee for WCR> 1. 

If @ coil is inserted in series with R, as shown at (b), 
the increase in the impedance of the series arm as the frequency rises 


partially offsets the fall in the impedance of the condenser, and the 
frequency response is improved. 


we DIN 


34 : 
R c c 
R 
(a) 
(b) 


FIGURES ON THE CURVES 
DENOTE THE VALUES OF € 











ae é 
Fig. 24 - Broadbanding; use of series inductance to 
counteract shunt capacitance. 


It is not practicable to use tne universal resonance curve 
for this heavily damped circuit, since the'Q - factor is very mall. 
A more useful criterion is the Damping Ratio (See Chap. 2, Sect.10), which 
for this circuit is given by 
G3 
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5-3/3 (mee BB f 


when Q is large). 


For O>1 there is no “resonant frequency" i.e. no fren 
2 


quency at which the phase-angle of the network is zero, but the network 
is capacitive at all frequencies. 


The variation of the magnitude of the impedance with fre- 
quency for different values of § is shown in Fige 24(c). The magni- 
tude of the impedance is maintained approximately equal to R for a 
relatively wide frequency range if S is made about 0-78 For 
smaller values of $ , i.e., larger L, the network exhibits resonance 
properties, with peaks to the impedance-~frequency diagram which may be 
undesirable. For larger values of S$, isee, smaller L, the bandwidth 
is reduced. Other slightly different values of S may be chosen for 
various reasons, ge, maximum constancy of phasa- or time-delay in- 
stead of maximum constancy of the magnitude of the impedance, 
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Chapter 2 
RESPONSE OF LINEAR CIRCUIT ELEMENTS TO VOLTAGE PULSES 
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CHAPTER 2 


RESPONSE UF GINEAR CIROUIT ELEMENTS TO VOLTAGE PULSES 
1. INTRODUCTION 


In alternating current theory, it 1s normal to consider the results 
of applying sinusoidal voltages to circuits containing resistance, 
capacitance and inductance. This theory has camaon application to power 
and radio-commumiceation systems. In radar and television systems it is 
equally comnon to apply to such circuits voltages which are by no means 
sinusoidal, 


When the applied voltage is sinusoidal, the voltages produced across 
the individual components are also sinusoidal, differing only in phase and 
Magnitude from the input. The relative phases and magnitudes depend on the 
frequency of the input and on the relative magnitudes of the components. 


When the applied voltage is non-sinusoidal the voltages developed 
across the circuit elements are distorted versions of the input. This 
makes the circuit behaviour much more conplicated, each type of inout 
requiring individual investigation for different relative magnitudes of 
the circuit components. 


This chapter will be devoted to a consideration of the results of 
applying non-sinusoidal voltages to simple circuits containing linear 
elements ony. 


INSTANTANEOUS APPLICATION OF CHANGES OF VOLTAGE TO 
CIRCUITS CONTAINING CAPACTT“NCE AND RESISTANCE 


2. Instantaneous Application of Change of Voitage To a series C-R Circuit 


Suppose a audden chenge of Foie 
Cc 


voltage as shown in Fig. 25 is 

applied to a circuit containing C “ —F 
and R in series. Let the input | 

voltage vi rise instanteneously | ie 


from zero to Fy at time t = 0, and 
thereafter be maintained indefin- ; 
itely at this value. Denote the v 
voltage developed across the 

condenser, of capacitance ©, at 


any instant, by Yo and the voltage t 
across the resistor, of resistance ° Me 

R by vp. Simple theory (Admiralty gets Safe 
Handbook of Wireless Telegraphy, i} a 


Part II, Chap. VII, para. 59) shows 
that the voltage vp rises exponen- 
tially as given by Vy 


Yo =< Va (1 ~ ge they v 


and as illustrated in Pig. <b) . 
By Kirchhnoff's lew we know that 
the sum of the voltages across the 
capacitance and resistance must at 
all instants equal the apolied 
voltage, ive., #ig.29,- Response of a C-R c1rcult to an 
Lostuntuneous rise of voitage. 


BR229 , para. 174, and AP 1093 foes 
1 
ol | | - short time constant 





a 
a- short time constant 
b= long time constant 





V4= VR + Vo; 


me 
oF 
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so that the voltage vp is given by a 
A -t/CR ‘ 
Yr = Vie /' My 


as shown in Fig. 26 


The time-constant GR 
appropriate to these changes 
represents the time taken for 
the voltage across the ., , 
resistance to fall to € V; 
i.€., about one third of its 
original value. After a time 
equal to about 5c has elapsed 
the voltage has fallen to less 
than 1% of its original value, 
and for most practical purposes 
the change may be considered 
complete. 


If the sudden change of 
voltage is a decrease instead 
of en increase similar Pig.26.- Response of a C-R circuit to an 
considerations apply, and the * instantaneous fall of voltage. 
results are asshown in Fig. 26 


3, Application of a Rectangular Pulse of Voltage to a Series C-R Circuit 





We now consider the application of a voltage whose time variation 
is as shown in Fig. 27. We shall call this a Rectangular Pulse of 
Voltage. It is simplest to consider in turn firstly the effect of the 
sudden increase of voltage at the start of the pulse and secondly the 
effect of the sudden decrease at the end. We have already dealt with 
these two cases separately. 


Assune first that the time-constant CR of the circuit is considerably 
less than the time of duration T of the pulse. Then the charging of the 
condenser is completed (in so far as an exponential rise is ever completed) 
before the discharge takes 
place, and the voltages 
developed across the 
condenser and resistor are 
as show in Fig. 27 . 3, 
Two sharp narrow pulses of 
voltage of opposite sign 
are produced across the 
resistor, one at the start Ve 
and one at the end of the 
applied pulse. The 
durations of these sharp 
pulses depend on the magnitude 
of the time~constant. 


vi 


° T 
’ 
i 


If the time-constant 
of the circuit is made 
variable (usually, for 
convenience, by changing 
the value of R) the width of 
these short duration pulses 
developed across the resistor 
can be controlled. In the 
ideal case considered the 
full voltage Vj would be Pig.27.- Response of a C-R circuit to 
developed across the resistor a rectangular pulse, CR<<T 
however short the time- 
constant. In practice this 
is not so for reasons 
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discussed later (Secs. 5 and 12), and the amplitude of Vp tends to be 
further reduced the smaller the value of the time-constant. 


Whilst the duration of the short pulses developed across the resistor 
depends on the time-constant of the circuit, it does not depend on the 
duretion T of the input rectangular pulses. fhe time which elapses 
between the leading edges of the first and second pulses developed across 
the resistor is equal to T. 


Suppose next that the time-constant of the circuit is very much 
greater than the duration of the applied pulse. In this case the voltage 
across the condenser rises only slightly before the inputs voltage drops 
and causes the condenser to discharge (Fig. 28 ). Qonsider the case when 
CR = 10T; then at time T (time at which input voltage drops) vg is given 
by :- : 
gt/CR, 


Yo= Vy (i - 
wy (1 - g 1/10) 
= i (1 - 0°905) 
0*095%; 


u 


After time T the condenser a 
discharges from the velue 0°095¥; 
towards zero, The value of vg 
after time 27 (time T after the 
instant at which the input 
voltage falls to zero) is given 


by i= 
0°0957; & ie 


al 


A 
(0°095¥3 = 
potential differ- 
ence at start of 


Yo 





di.schar, 

Ps 10° ge) Pig.28.- Besponse of a C-R circuit 
= 9°095V; & to a rectangular pulse. CR>>T. 
= 0°0957; x 0°905 
= 0°086F5, 


This dif.erence between the rates of charging and of discharging of the 
condenser under the above conditions can be summed up as follows. The 
rate of charge or discharge is proportionsl to the voltage applied to the 
resistor. At the beginning of the charging period this voltage is vs, 
whilst at the beginning of the discharging period it is only 0°095¥3. 

Thus the rate of discharge is less than one-tenth the rate of charge. 

The voltage vp across the resistor rises to a value vi at the onset of the 
rectangular input pulse, falis, at the same rate as vo rises, for the 
duration T, and then drops instantaneously by an emount ¥, with the end of 
the input pulse. Finally vp rises exponentially towards zero at the same 
rate as vy, falls. The longer the time-constent CR, the more faithfully 
does Vp reproduce the input voltage. Thus when OR = 1OOf the drop in vp 
throughout the duration T of the input pulse is only 0°01; and the output 
pulse across the resistor is very little distorted compared with the input. 


In radar systems it is common practice to apply a rectanguler pulse 
to a O-R circuit such as that of Fig. 28 and to utilise the voltage 
developed across the resistor. The above considerations reveal the 
following points ;:- 


(i) The maximum value of the voltage developed across R is in ail 
cases equal to the magnitude of the applied pulse. 


(ii) The shape of the output voltage is a close replica of the input 
if cR»T; but if CR«T the input rectangular pulse is converted 
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into two narrow pulses of opposite sense to each other, whose 
durations depend on the value of the time-constant Ch. 


4. Application of a Succession of Rectangular Pulses of Voltage To a 


Series C-R Circuit 


We now consider the case where a succession of rectangular pulses of 
voltage is applied to the circuit of Fig. 25. Suppose Tj is the duration 
of each pulse and Tp the interval between the pulses. 


The general shapes of the voltages across C and across R are similar 
to those already described. However, the mean level of the voltage 
across the 
condenser tends to 
rise with each 
successive pulse; 
unless the time- 5.0L 
constant of the VT+T, 
circuit is so 
short compared 
with either T 2 or 
T) that the 
condenser can be 
considered to have 
discharged or 
charged completely 
during these 
periods, 





BECOMES LESS STEEP 
/ BECOMES STEEPER 


—— t 





Ultimately 
a Steady State is 
reached in which 





the charge 

acquired by the Fig.29.- Application of a succession of 
condenser during rectangular pulses to a C-R circuit. CRYT, 
the time T, is 

equal to the 


charge lost during the time T,. This means that the mean current flowing 
into the condenser through the resistor is zero when equilibrium has been 
reached, so that the mean value of vp is also zero. The graph showing 
the voltage developed across the resistor ‘is such that the area (voltage x 
time) enclosed above the zero (mean) voltage line during the time T,, is 
equal to the area enclosed below this line during the time Tp, iee., in 
the steady state the shaded areas A and B (Fig. 29 ) are equal. 


Alternatively, a useful way of approaching the problem is to consider 


the succession of positive input pulses to be composed of a steady component 
of voltage and a purely alternating component of voltage. 


The mean value vy of the input voltage is given by ;:~ 


VF Tz Vy 
Tl 4 To 





The alternating canponent of course has a mean value of zero. If 
a steady voltage is applied to a condenser and resistor in series, the 
whole of the voltage appears ultimately across the condenser and, as we 
have just seen, the rise is exponential. In the present case therefore 
the mean voltage across the condenser increases exponentially with time~ 
constant CR towards the value 

Tr * 

Ti + Te r 
Ultimately the mean voltage across the resistance is zero. 
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Pig. 30.- Application of 

a succession of rectangular 
pulses to a C-& circuit. 
CRT, 





It is therefore apparent that if CRDT and 1)<Tp the ultimate output 
voltage across R is a replica of the input voltage across C in so far as the, 
alternating portion of the input is concerned; but that the steady component 
of the input voltage variation is not reproduced. If it is required to 
reproduce this steady component, which is determined by the mean voltage 
level of the input, special measures have to be employed. This process of 
restoring the steady (or DC) component of voltage is often called DC 
Restoration (See Chap, 12 Sect.2). 


If Ih<T, the input can be considered as a succession of negative- 
going pulses, and a similar argument holds. In this case the condition 
for faithful reproduction of the alternating componerit of the applied 
pulse in the voltage across the resistor is that CR> Te. 


If CR is short compared with both Tj and To the steady state is 
rapidly approached, and this is illustrated in Fig. 39, 








5. Instantaneous Application of a of Voltage te cuits 

Con: i More Than One Condenser or Resistor. 

Pig.31 shows a circuit con- ng hn 
Sisting of two resistors Ry and Ry Vo ¢ — 
in series with a condenser C, 7 
The sum of the voltages developed 3 ve 
across Ri and Rp behaves exactly v re 
the same way as the voltage Vp at 
across RB in the circuit of Sec, ‘ 

14, with 
Rk = Ry rT Ro t 
° 


Pig.31t.- Response of a C-R 
circuit which contains more 
than one resistor. 
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The viltage developed across each resistor is proportional to its resistance ’ 
1.6.5 


= RL 
vl = and vo = 
Ry + Re YR 2 





The time-constant is 
C (Ry + Rg) 


A circuit commonly encountered in 
radar is shown in Fig. 32 . Ry, represents 
the output resistance of one amplifier, 
whilst Cp is the input capacitance of the 
next stage. In general (>> G- Pig. 32.- Practical form of 
Unfortunately the general analysis of this C-k circuit. 
circuit is too complicated for inclusion 
here, but if the output resistance of the 
pulse generator is made very small the circuit of Pig.33 may be taken as 
a sufficiently close approximation. 





At time t = 0 the 
input voltage rises almost 
instantaneously from zero 
to Vj. (This rise is 
actually exponential, but 
because the generator 
output resistance is very 
small, the effective time- 
constent is negligible). 
This rise of voltage is 
developed across the two 
condensers in the inverse 
ratio of their capacitances. 
While the input voltage is 
maintained at Vi, the 
condenser C] charges 
exponentially so that the 
voltage across it rises 
towards the value 7, and 
Ce discharges exponentially 
towards zero. fhe time- RaCaCy) 
constant of these varia- 
tions can be shown to be 


Rp (Q + C2). 
Fig.33.- Res ; 

It will be noticed Bro? pou Geoarcis 
that one effect of the 
condenser Co is to reduce 
the maximum value of the 
output voltage developed across the resistor Ro. ‘Thus, if the condenser 
C, is reduced in value in order that the time-constant may be mall, i.e., 
so that the output voltage may consist of short duration pulses, the 
amplitude of these pulses is reduced, 





INSTANTANEOUS APPLICATION OF CHANGES OF VOLTAGE TO 
CIRCUITS CONTAINING INDUCTANCE AND RESISTANCE 


6. Instantaneous Application of a of Voltage to a Series L-R 
Circuit (Fig. 34 )- 


Let the input voltage v, rise instantaneously from zero to Vy at time 
t = 0 and thereafter be maintained indefinitely at this value. Denote 
by vi the voltage developed at any instant across the coil, of inductance 
Ly ane ny vg the voltage across the resistor, of resistance n. . 
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Standard theory (BR229 ——F 
Adwiralty Handbook of Wire- if wt 
less Telegraphy, Vol. I, ors 


para. 158, and AP.1093,Part : 
II, Chap. II, para. 43) shows 
that the rise in current in 
the circuit is given by the 
expression :~ 

Lod -Rt 
is = Q- &F7) 


se that the voltage developed 
acress the resistance R is 
A “Rt 
Ye¥y (b- € “= ) 
At any instant vy, may be deter- 
mined by the relation 
Vy = VR + Vy 


The time-constant is L&R. 





Fig. 34. also shows 
the effect of reaucing, 
instantaneously, the input Fig.34.- Kesponse of L-K circuit to rect~ 
voltage from a value G, to angular pulse. L/R<«< * 
gere, assuming that ‘ 
the voltage across the coil and resistor have attained their final values 
before the cnange takes place. The full drep of voltage appears instan- 
tansously acress the coil. Subsequently the veltage acress the resister 
falla expenentially trem @j towards zero, while that across the coil rises 
exponentially frem a “v4 towards zere. 


It should be noted that the nature of the voltage variation across 
tis coil is similar to that across the resistor in the corresponding G-R 
circuit, whilst the voltage variation across the resistor in the present 
ease is similar to that developed across the condenser. 


Te Application of a Rect Pulse of Voltage to a Series L-R 
Circuit 
Consideration similar te those of Sect3 apply to a circuit consist~ 
ing of a coil L and resistor R in series. We shall consider separately 
the two cases (1) L< T and (ii) kL» ], T being the duration of the in~ 
put pulse. R 


(i) LK T (Pige 34) 


The voltage across the resistor rises exponentially to 
practically its full value 7. vi, during the interval T, while the 
voltage across the coil, after its initial instantaneous rise 
to ? v4) falls exponentially to zenro. At time T the input voltage 
drops instantaneously to zero, so the voltage across the coil 
drops instantaneously to -Ti. After time T the voltage across 
the coil rises exponentially from ~v; towards zero, while the 
voltage across the resistor falls exponentially from 7; vi towards 
Zerce 


pac voltage pulses of short duration are developed across the 
Olle 


44) L 
( JE»o 


The voltage across the resistor rises exponentially by only a 
small amount before the ena@ of the applied pulse; then the 
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voltage across the resistor starts to fall exponentially. This 
behaviour is similar to that of vo in Fig. 28. The voltage 
across the coil rises instantaneously from zero to a value % 

at time t = 0, falls exponentially by a smal2 amount during 
interval t=0O to t= fT, and then drops instantaneously by oe 
amount Vie Subsequently the voltage developed across the coil 
rises exponentially towards zero. The voltage developed across 
the coil is, an almost undistorted reproduction of the input pulse. 


8 Application Of a Succession Of Rectangular Pulses of Voltage to a 


Series L-C Circuit 


As in the corresponding case of the C-R cirouit (Fig. 29, Sect), the 
mean value of the input is given by :- 


1 A 
Vi 7 


vi 





Ty + Ts 


The series of pulses may be split up into a steady component equal to 

this mean value, and an alternating canponent whose mean value is zero. 

The steady component of voltage scross the resistor ultimately attains the 
mean value vi, and approaches this value at a rate dependent upon the time- 
constant of the circuit. In the steady state only the alternating 
component, which represents the rectangular pulse shape, appears across 
the coil. 


9- DISADVANTAGES OF A SERIES L-R CIRCUIT COMPARED WITH A SERIES C-R 
CIRCUIT 





It is not usually con- 
venient to employ L-R networks 
to provide time-constants of 
more than a few microseconds 
such as are commonly required 
in radar. Such a network is 
usually in series with some 
form of generator whose output 
resistance is of the order of 
a few thousand ohms, so that 
the size of coil required to 
give the desired L ratio is 

. R 
inconveniently large. The 
requirements can be met by 
the use of C-R components of 
more practicable values. 
Further, the inherent re- 
sistance of a condenser is 
usually negligible whereas 
that of a coil is always 
appreciable. Even when very 
short time-constant circuits Pig.35.- Modifications to response of 
are required, coils cannot L-R circuit dus to coil resistance. 
be used to produce the effects 
described above because of 
their self-capacitance. Their use in ringing circuits, where self- 
capacitance is not necessarily deleterious, is described in Sec. 10. 





Pig. 35 shows the effect of coil resistance on the voltages 
across coil and resistor in a series L-R circuit. The voltage developed 
across the resistor is affected only in magnitude, but the coil voltage 
may be considerably modified as shown (compere vyty, of Fig. 35 with 
vy of Fige 3h, de 
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INSTANTANEOUS APPLICATION OF CHANGES OF VOLTAGE 
TO CIRCUITS CONTAINING INDUCTANCE, GAPACITANCE AND RESISTANCE 








10. Instantaneous ication of a of Vol’ to An L-C-R Circuit 





The consideration of free oscilla- c oR 
tions in a series L-C-R circuit (Fig.36(a) 
is dealt with in many standard works a 
(Admiralty Handbook of Wireless Tele- a Lt 
graphy, BR229 , para. 390, and aP.1093, 
Part II, Chap. VII, paras. 7-16). It ss 
is show that the sudden application 
ef a chenge of voltage to this kind of 
circuit results either in a free 
oscillation or in a smooth, non- 
oscillatory change, according to the 
relative values of the components. 





In the case of a free oscillation 
the frequency depends mainly upon L Fig. %.- L-CR circuits. 
and © and to a lesser extent upon R, 
and the amplitude decreases exponent- 
dally according to the amount of 
demping in the circui't. 


The quantity S 2 z / q is called the Damping Ratio. 


ie OG <1 the Cirewit will perform a damped oscillation with a 
frequency f and a logarithmic decrement & given by :- 


ee: 
US ui? 





fo=l 
2n 
Re 
é = 2a 
If the resistance is very small the frequency is approximately i 
such a circuit is called a Ringing Circuit. anv ic 


ir G=1 the output voltage of the circuit is just not oscillatory 
(Critical Damping). 


If ©>1 the output voltage takes the form of an exponential rise. 


In many radar applications it is desirable to use a ringing circuit 
whose damping is slightly less than critical. 


Ringing circuits are frequently used with the damping resistor R 
in parallel with either the coil or the condenser instead of in series, 
as shown in Figs.36(b)and(c).In these cases it can be shown that, neglecting 
the resistance of the coil, critical damping occurs when R = 3 L? and 


that oscillations take place for values of R greater than this. 


Fige 37 shows the output voltage produced across the condenser in 
the circuit of Fig. 36(b) when a change of voltage is instantaneously 
applied at the input terminals. Diagrams illustrate the cases R = /L 


CG 
(damped oscillatory), R = 3 JE (critically demped) and R = 1 JE (non- 
CG £/C 


oscillatory). 
Im all cases the delay-time before the output voltage reaches the value 
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of the input is prepertionsl to/Ic . The voltage across the coil may 
be obtained frev. the relation wy = vy, + Vge 


1. INSTANTANEOUS APPLICATION OF A CHANGE OF VOLTAGE TO A DeLAY NETWORK 








A more detailed consideration 
of this problem is given in Chap. 4, 
where the wave-nature of the effect 
is dealt with As an introduction, 
and for the sake 'of campleteness, a 
brief mention is made here, consider- 
ing the behaviour of the delay net- 
work as an extension of that of the 
ringing circuit. 


Fig. 25 shows two-stage and 
six-stage networks composed of 
identical sections, such as are 
used to make up a pulse~forming vo 
Delay Line. In Sec. 10, illus- 
trated by FPigs.36 237 , we 





have already discussed the (ce) ag fe 

behaviour of tne single-stage 

network, or ringing circuit. If 

we replace the resistance R of Fig.37.- Response of L-C-R circuit 
Fige36 (b) by another ringing of fig. Hb). 


circuit identical with the 

original one, we have the 

circuit of Fig.38(a). We shall assume that this does not appreciably 
affect the voltage v] produced across the first condénser when the input 
voltage is applied. “ This voltage is shown in Fig.38(c) .  v, is in 
turn applied to the ringing circuit formed by the second L-C section and 
Re ‘The effect produced is not vastly different from that which would 
occur if the input pulse were applied to this network, not at time 

t= 0, but at time t = f. In other words, the voltage vo across R is 
similar to v, except that v, does not reach the value of the input 
voltage util t = T', where T' is approximately equal to 2I. Subsidiary 
effects also occur, such as minor alterations in the character of the 
ringing at the end of the delay time T'. (Fig. 38(@) }. 


The addition of further LC sections produses a similar effect. 
The delay time before the rise in input voltage appears scross the out- 
put is approximately proportional to the number of stages- used. Neither 
the amplitude of the ringing, nor its duration, is appreciably affected 
by an increase in the number of L-C sectionse 


Im the simple ringing circuit of Fig. 36(b) the delay T and the 
period of the ringing are both proportional to /I0. _In the multiple- 
stage network the total delay is proportional: to n/I0, where nis the 
number of stages, whilst the period of the ringing is approximately 
independent of ne By increasing a end reducing L and C proportion~- 
ately, the ringing oan be maie negligible without increasing the delay 
time. If this is done in a six-stage or eight-stage network, the out- 
put voltage is made approximately rectangular, as shown in Fig. 38(e) « 


86 


Chap. 2, Seat. 12,77 





(b) Fig.38.- Response of 
delay network. 





oe (d) 








NON INSTANTANEOUS CHANGES OF VOLTAGE 
12. General Discussion 


In practice 3+ is impossible to produce an absolutely instantaneous 
change in voltage, but in many cases no great error is introduced in 
considering a change of voltage to be instantaneous if the total time 
taken for the change is short compared with G1 [ise However, sometimes 
the change of voltage applied across a circuit must be considered as 
changing linearly with time. A common example is the sawtooth voltage 
produced by time-base circuits (Fig. 42 ). Sometimes the rise or 
fall of voltage is exponential, but usually only a small portion of the 
exponential rise or fall is considered and for practical purposes this 
portion may be regarded as linear. 


13. Input Voltages Increasing at_a Constant Rate 


Let the input voltage v; applied to the condenser (capacitance C) 
and resistor (resistance R) in series increase at a constant and finite 


rate m, so that 
Vo#«= «Mt 


Chap. 2, Sect, 13 


The voltage Vp across the resistor soe af 
rises exponentially and tends to a . ——|" 
final value m0R. ‘he initial rate " R a 


of rise is the same as that of the 
input voltage vie 


The voltage vg across the 


condenser also begins to rise 
exponentially, but tends to rise 
at the same rate as v, when vg 


approaches its steady value. 
This is indicated in Fig. 39. 


Mathematical analysis 


At time t let :- 





q = charge on condenser 


i = current in circuit 
a Pig.39.- Response of C-H circuit to 
(= Sh) voltage varying linearly with time. 


Then ;= 
applied voltage = voltage across condenser + voltage across resistor 
or vs, = mt 24 + ik 


Dirferertiating with respect to t :- 


oa 3 = +R = 
oy wr * + R = 
The solution of this equation is :- 
i= mw (1- eS, 
Therefore vp = iR = mOR (1 -E /CR, 
end Yo = ¥4 ~ Vp = mt -oa(a -¢°/R) 


Thus Vp rises exponentially to a limiting value mOR. The smalier 
is the time-constant CR or the slower the rate of rise of the input 
voltage (smaller m), the lower does this final value of vp became. The 
rate of rise of vg is 


2 (x) = me eR 


so that at time t = © the rate of rise is m, i.¢-, Vg initially rises at 
the seme rate as v.. The rate of rise of voltage across the condenser 
atarts from zero increases until, by the time vp is constant at a 
value mOR, it becomes the same as that of the input voltage. 


If a voltage which rises linearly with time is applied to a coil 
and resistor in series, the voltage v,, across the coil and the voltage 
Vp across the resistor at any instant are given by the expreasions 


Sue -Rt 
v;, =m g(1- gt). 


SS 


Chap.2, Sect. 1, 
and vp = mt = mh (1 - et) 


The voltage across the coil rises towards a final value mL, and is 
R 


similar to the voltage across the resistor in the corresponding C-R 
circuits The voltage across the resistor in the L-R circuit is similar 
to that across the condenser in the C-R arrangement. 


D,. Linear Rise of Voltage of Finite Duration 


Now let us suppose that the input voltage applied to a series O-R 
cirouit rises at a rate m for a time T* and then remains constant at a 
value mT' for an indefinite time; 


(Fig. 40 ). 


During the time T' the 
voltage across the resistor 
rises exponentially towards a 
maximum value équal to mCRe 
Throughout this time vp is 
given by :> 





v= mR (1- eticRy 
R 

During the time the input 

voltage remains constant Vp 

falls exponentially fron 

its value at Tt towards a 

final value of zero. 


Three cases arise, in 
which CR T', These are 


illustrated by the following 
examples corresponding to the 
three diagrams of Fig. 40 

We are concermed here only 
with the value of vp during 


the rise of vi. 
(i) CR = 51° 


At time T* the value of vp is 

0°9 mT', i.e., the voltage across the resistor rises to nine-tenths of the 
maximum amplitude of the applied voltage. The greater the time-constant, 
the more closely vg approaches the amplitude of the input voltages 


ABV 





Fig.40.- Response of C-R circuit to linear 
voltage rise of finite duration. 


(ii) CR= T 


The value of Vp at the time T' is approximately two-thirds of the maximum 
amplitude of the input voltage. 
(i4i) CR = = pt 
The vaiue of vp at the time T' is nearly equal to one-fifth of the maximm 
amplitude of the input voltage, i.e., the smaller the time-constant the 
smaller is the value of Vp. 
The voltage across the condenser at any instent may be obtained 
from the relation 
Vy = vo + VR 


This is illustrated in Pig. 40 . 
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It should be noted that since there is no instantaneous change in 
the applied voltage at any time, in particular at t = 0 and t =T', there 
is never smy audden change in the rate of rise of Yor 


15. Pulses Involving Linear Veristions of Voltage 





Fige 41 shows the voltage 
developed across the resister, 
and shat developed scross the 
condenser, when a trapeziun- 
shaped pulse is applied. A so= 
called "rectangular" pulse 
usually has this trapezium shape, 
i.e., +he changes of voltage are 
not instantaneous. It has been 
assumed that the input voltage 
rises to ‘ts cons:ant value in 
an interval T', remains at this 
value for a time T. and then 
falls back to its initial value 
in a further interval ™'. 1 
mast be very much greater than 
Jf? if the voltage change is to 
represent the usual type of 
“restangular" pulse. When the 
time-constant of the circuit is 
smaller than T. short pulses are 
produced across the resistor 
(compare Sec. 3). However, if 
the time-constant is made 
progressively amaller, the 
amplitude of these short pulses 
decreases. When the time- 





he T+) 1 
Tl a) cret! “iy 

t 

1 


Vo where Teer 
\ 





(C) CRT T! 


Fig.4t,- Response of C-R. circuit to 
trapezoidal pulse, 


constant is much greater than the time T, the voltage developed across the 
resistor closely approximates to the input voltage. 


Fig. 42 shows the voltage 
developed across the resistor and 
that developed across the con- 
denser when a pulse of trianguler 
shape is applied. The rise of 
input voltage takes place in an 
interval T', and the fall of 
input voltage is assumed to be 
instantaneous. Such a 
variation is commonly called a 
Sawtooth Voltage. When the 
time<constant of the circuit is 
much greater than T', the voltage 
across the resistor closely re- 
sembles the input veltage. When 
the time-constant is much amaller 
than T', the voltage variation 
across the condenser approximates 
in shape té that of the input 
voltage, whilst the voltage 
acress the resistor rises to a 
small value during Ttand at 
t+ = T' drops sharply to fom a 
negative-going pulse. 


Fige 43 shows the 
voltages developed across the 
resistor and the condenser when 





CRT” 
fe Rec 


“4 








Fig.42, - Response of a €-H circuit 
to sawtooth pulse, 


Chap. 2, Sect, 16 


a triangular pulse which has equal rates 
of rise and fall of voltage is applied 
to the circuit. It should be noted 
that, when the time-constant of the 
circuit is less then the time of rise or 
fall of the input voltage, the voltage 
variation developed across the resistor 
approximates to a pair of rectangular 
pulses of small amplitude. 


16. Succession of Pulses 


As in the case of the rectangular 
pulses dealt with in Secs. 4 and 8, an 
input which consists of a succession of ss 
uniform pulses of any shape may be Sy, CRT! | 
Givided into a steady component equal I 





----4 






to the mean valus ¥, of the input and ys cRoea! 
an alternating component whose mean J) I 
value is zero. When such an input is ER ETN | 





applied to a series C-R circuit, om 6 

equilibrium condition is ultimately 

arrived at in which the steady Pig.43.- Response of a C-R 
component of the voltage across the circuit to triangular pulse. 


condenser is equal to ¥; whereas the 

mean value of the voltage across the 

resistor is zero. The fraction of 

the alternating component appearing across either the condenser or the 
resistor, and the smount of distortion present, depend on the time~ 
constant. 


Fig. 44 shows the 
waveforms of some pulses 
which are commonly applied 
to a series C-R circuit. 
Fig. 45 shows the voltages 
developed in the steady 
state across the resistor 
and condenser when a 
continuous train of tri- 
angular pulses is applied 
to the circuit. Fig. 46 
shows the results to be 
expected when a ‘continuous 
train of sawtooth pulses 
is applied. 


If a succession of 
pulses is applied to a series 
LeR circuit the resulting 
conditions are comparable 
with those which obtain in 
a series 0-R circuit. The 
voltages developed across the Fig.44, - Typical waveforms 
coil and resistor are similar 
to those developsd across the 
resistor and condenser 
respectively in the C-R 
arrangement. 
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Pig.45.- Response of a C-R circuit Pig.46,- Response of a C-B circuit 
to a succession of triangular pulses to a succession of sawtooth pulses 


17. DIFFERENTIATING AND INTEGRATING CIRCULTS 





With certain limitations, which are discussed below, it is possible 
to arrange a circuit so that the output provides either a differential or 
an integral version of the input voltage. 


av. 
i.e. either Wyo x 
or Woo fvs,- at 


A series C-R circuit may be used to meet either of these require- 
ments. For differentiation the time-constant must be short, and the 
output is taken acrosa the resistor. For integration the time-constant 
must be long, and the output is taken across the condenser. The conditions 
governing the choice of time-constant are investigated below. 


Gonsidering the circuit of Fig. 47 , we know that 


v= Vo + Vp 


i = dg 
at 
and Yy24 


c 

Differentiating Circuit. 
Fig.4].° A differentiating or 
Assume that v_2<< vo integrating circuit. 





i. eC. 2 Vo 2 Vz 
then Vo 2 VW 


and by differentiation with respect to time, we obtain 


l dg = 4 vy. 
G at ag 6°) 


02 
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Hence i 2 4 (y,) 
a 


Cc at 

or + Vp 2d 
oe oe, ws 
= Pr (v3) 


ie¢s VR = on Siv. 
GR (4) 
In words, the voltage across the resistor is approximately proportion- 
al to the time~rate-of-change of input voltage. 
We shall now consider the circumstances under which the assumption 
RK % 
is justified. 


Yep = Ri = Rdg = OR @ 
eS at ae (Yc) 


Hence the assumption may be written 
CR ave Yo 
we << 


But, as show 


Yo 2 M4 5 
hence 
av; 
SECs? 
iG. 
oR << vif avy 
at 


This means that the time=-constant must be small compared with the 
ratio of magnitude to time-rate-of-change of the input voltage. 


integrating Circuit 


Assume that woK vk , 
i.¢e VR a Va 3 
then Ri 3 Vi 


and by integration with respect to time we obtain 


R fiat 3 frat 


Hence Rq 3 f v4 dt 
or CR VY = J V3 dt 
i.e. % 2 il 
Cc GE i Vs at 


In words, the voltage across the condenser is approximately 
proportional to the time-integral of the input voltage. 
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It may be shown, by reasoning similar to that used in the case of 


the differentiating circuit ’ 


KR 
implies that 


that the assumption 


GR > J V5 at 
Vi 


This means that the time-constant must be large compared with the ratio 


of the integrated value to the magnitude of 


the input voltage. 


AS an example of differentiating we may take the circuit and wave- 


form of Fig. 39 
Here dv, 


time. 


Vif dvi 
dt 


and the output Vp is a differentiated version of Vie 


Hence if t is large enough 


=m and is constant, so that v4 increases steadily with 


D> OR 


wn 


This is show in 


the figure, where, for values of t >> OR, vp oc m 


As an example of integratiom, consider the waveforms of Fig. 29 


For values of ¢ << CR the 
pulse, so that 


condenser voltage continues to rise with each 


Yo OC f vy at 
For larger values of t this condition no Jonger holds and eventually a 


steady state is reached, 


Under these circumstances 


fat >> ory, 


and the condition for integration 
is not fulfilled, 


The terms "differentiating" 
md "integrating" are often 
applied to short and long time~ 
constant circuits respectively, 
even though they are not used in 
the conditions under which trus 
. differentiation or integration 
cccurs. For example, the voltage 
Vp-shom in Fig. 48 is 
frequently referred to as a 
differentiated version of the 
input v5-> Infact avy ig 
at 
eitner infinite or zero, as shown. 
Provided CR << T, vp consists 
of narrow peaks of voltage and 
the similarity with the true 
differentiated voltage is 
obvious. 


04 


Vv 


{ 


(Q) 


- 






‘NFINITELY LONG 






INFINITELY LONG 


Fig.48.- Comparison between output (b} 
of a “differentiating” cireuit and a 
true differentiated version {c} of the 
input {a}. 
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NETWORKS 





1. INTRODUCTION 
In all radar circuits involving the transmission of electrical 
energy, examination of the circuit behaviour at any stage requires the 


division of the system into “source” and "load", as shown in Fig. 49. 
if the system is linear it is conveniently described in terms of ideal 


i 
5,06 
SUPPLY 
5,0 


Pig.49.- Division of system into source and load. 





generators and input and output impedances, as shown in Chap. I, Sec.12 

The voltage vy developed across the load, the current iv through it, 

-and the phase relation between them specify the load or input impedance 

Ze to a sinusoidal EMF of given frequency. The source may be represented 

by a generator of EMF equal to the voltage v, between the output terminals 
S85 when open-circuited, in series with the equivalent source impedance 

za? called its output impedance, Alternatively the source may be 


$,O 
SUPPLY 
So O 


Pig.50.- Network interposed between source and load. 





represented by a generator of current i, equal to the current through 
the short-circuited output terminals, in parallel with its output 
impedance z, (or output admittance ys = 1 


Zs 


An element in the chain between source and load may usually be 
represented as a four-terminal network (Fig. 50). Such a network may 
contein linear or non-linear 
elements, e.g. tranamission 
lines, valve amplifiers, etc. 
For simplicity, only those 
networks will be considered 
in any deteil which do not 
contein sources of EMF and 
which are fformed of resist- 
ive (R), inductive (L) and 





capacitive (C) elements. Fig.51.- Representation of 4+ 
For one-way transmission of terminal network for one-my 
energy, from source to load, transmission, 


such a network may be 
represented by a potential divider 
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followed by an ideal 1:1 transformer, (Fig. 51); whilst if two- wy 


transmission is to be considered the fow~terminal network may be re- 
presented by either a T-sectian or a Tl -section followed by an ideal 1:1 


transformer, as shown in Fig. 52. 





f - 


Pig.52,- Representation of a 4-terminal network. 





The input and output conditions so far described have ignored 
any connections between source and load except through the network. In 
practice, the relations between the potentials at the input terminals and 
of neighbouring conductors ("earth") are important, and must correspond to 
the relations between the potentials at the output terminals and "earth", 
In general, this is equivalent to adding extra terminals to the network, 
as shown in Fig. 53(a). ‘Two cases are commonly encountered :~ 


(a) (Cc) 


Pig.53.- Effect of earth: balanced and unbalanced networks, 


(1) Balanced networks: in these, the potentials at the input 
and output terminals are symmetrically disposed with 
reference to earth (Pig. 53(b)) 


(41) Unbalanced networks: in these, one each of the input and 
output terminals is earthed (Fig. 53(0)). 


The properties of balanced networks cam readily be derived fron 
those of unbalanced networks, and only tne latter will be considered in 
subsequent paragraphs. For example, the fundamental properties (ie. 
Characteristic Impedance, Propagation Constant, etc. as deduced in Sect. 3) 
of the balanced H-network of Fig. 54 are the same as those of the T-network 
of Fig. 55(a) provided that the total shunt impedance zo and the total 
series impedance z are the same for the two networks, as indicated, 





(a) (b) 


Pig.54. Balanced and unbalanced Pig.55.- Symmetrical, T- and T= 
networks. 9 8 networks, 
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Analysis and design are very much simplified if the network 
can be made symmetrical. This means that if the network is reversed, and 
its “output terminals" connected to the source and its "input terminals" 
connected to the load its properties remain the same, whatever the nature 
of the source or load. The advantage is particularly marked in the case 
of iterative networks of the types shown in Fig. 56. If many.sections 
are used, with a particular termination, the behaviour of the network as 
a whole can be described in terms of the change of phase and attenuation 
due to each section, irrespective of whether the network is split up 
into T- or 7( ~sections, symmetrical or unsymmetrical, The type that is 
most simply described, namely the symmetrical section, is thus the most 
useful to consider and is. of sufficiently general application. An 
unsymmetrical network cen always be considered as a symmetrical one with 
an extra series or shunt component added at the input or output terminals, 
or both. Symmetrical T- and 7{ -sections are illustrated in Pig. 55. 





Pig.56.- Iterative networks. 


Some of the properties of unbalanced symmetrical networks will 
be considered in subsequent sections; only the simplest types will be 
dealt with in any detail. 


2. MEASUREMENT OF INPUT AND OUTPUT IMPEDANCES 


In the circuit of Fig. 49(a) the input impedance of the load 
may be determined by direct measurement of the magnitudes of vw and iy 
and their phase relationship. Theoretically, the output impedence of 
the source is determined by measuring the input impedance between 5) and 
8, with the generator suppressed (i.e., prevented from generrting but 

thout change of its internal impedance.) The remainder of the 
circuit must be unaltered, From a practical point of view this 
experiment is one which cannot be performed in the majority of cases: 
if, through any cause, the actual génerator ceases to generate, its 
internal impedance is almost 
inevitably altered by this 
change in the physical conditions. 
A method which is capable of 
practical application will now be 
described, 


Suppose that the output 
impédance of the source is 
capacitive. A variable load is 





connected as shown in Fig. 57, X¢ Fig. 57.-Cirouit for meas= 
in this case being the reactance uring generator voltage and 
of a variable inductance. As the impedance, 


load inductance is varied the 
magnitude of the alternating voltage 
Vg developed across the load 
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resistance will vary, and will reach a maximm value when the inductive 

reactence Xy = W lyof the load exactly nullifies the capacitive react- 

ance - 1 of the source. A similar method is applicable if the 
W Cs 

output impedance is inductive. 


The resistive component of the output impedance may then be 
determined by varying the load resistance, and comparing the voltage v, 


developed across it with the current ip through it. This variation is 


showm in Figs 58. The L-C 
combination may be considered 
as a short-circuit as far as 
Vg and ip are concerned, When 
sufficient points on the graph 
have been obtained, 7 and oe 


and hence Rg, may be determined 
from the intercepts on the axes, 
since R, = 75 


A 
ig 


Alternatively, the 
method shown in Fige 59 may be 
employed, a similar graph being 
derived (Pigs 60). It should 
be noted that igs Vo, Ge » B 


are not the same as ip, vp, 1, i 
Ry 


x 


(See Chap.t, Sec. 17) 


Practical difficulties 
arise because, where the 
generator is an inherent part 
of the source, changes in load 
affect its frequency as well as 
its output voltage and impedance. 
fo reduce these effects to 
negligible magnitudes, the changes 
in load impedance should be made 
very snall compared with the 
total impedance of the circuit. 


3. SYMMETRICAL T-SECTIONS AND 
seis ttCS 


Whatever the actual 
arrangements of the elements 
forming an unbalanced four~ 
terminal network, it is 
convenient to describe the 
behaviour of the network in terms 
of the equivalent T- or II -net- 
work of Figs 55+ 
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Pig.58.~ Determination of out- 
put resistance and opén-circuit 
voltage. 





Pig.59.- Circuit for measuring 
generator current and admittance. 


A 
* Ve 


Vs 


Pig.60.- Determination of output 
covductance and short-circuit 
current, 
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The input impedance Zs of a symmetrical T-net work depends on 
the mamer of its termination 2. according to the formula :- 


Pag + % ( + ®y) 
72+ + 4%, 

2 

(Fig. 61(a)) 


It is not always desirable 
to work in terms of 2, and 25, and 


three other impedances are frequently 
useds= 





(i) Qpen-circuit impedance: Fig.6t,- Input impedance of 
T-network for various stand<- 
ard terminations. 


2563 with the output terminals open-circuited, 


gtor fT (Pig. A(0)) 


(41) Short-circuit impedance : 
Zo03 with the output terminals short-circuited, 
Zea a a a 
: 2 (Fig. 61(c)) 
2 





49 + 


(441) Characteristic impedance: 


y%gs this is a particular impedance such that 
when the network is terminated in Zz, its input impedance 





18 Zo 
(7 4 9%) 
wo * xq + %2 > + T 
20 2 (Fig. 61(a)) 
29 + x + 25 


This equation for mz, reduces to m%, = +,/ 1 po 4 m2 
4 


The ambiguity of the = sign is important in the case of reactive 
impedances, and must be resolved by further consideration of the particular 
circuit. 
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JU -network 
Corresponding expressions 
for the JT -network of Fig. 62 are :- 
(4) Open-circuit admittance ....0. 
72,7 % 
yoo=2 * 2 
72 
— op 
2 72 
(4i) Short-circuit admittance .... 
yac = Yo + Yq 
2 





(iii) Characteristic admittance ... 
+ 
M¥o=rd Wy ¥o + YS 
i 


Fig.62,- Input impedances of 
w-metrork for various stand- 
ard terminations, 

General 


Results frequently useful are := 
290 = / tse 2,’ both for T- and KK networks; and 


T% . 9{%0 = 71. 22, where 1 and 22 ere the same for both 
networks. 


Propagation constant 


When the nétwork is temminated in its characteristic impedance, 


the ratio between input and output voltages and currents is the same. 
This ratio is expressed 


4g = Ya =¢° where Y is called the Propagation 
i. Vin Constant of the network, 


In general, § posssses real and imaginary perts, and is equal 
to & + j® , where &@ corresponds to the attenuation, and (3 the phase~ 
shift introduced by the properly terminated section. 


The magnitude of & will be denoted by k, so thata@ = loge kk. 


It may be shown that for any aymetrical T- or Tt 


network 
§ satisfies the relation : 
eee =e 2+ 
2 
de MATCHING 





Consider a transmission system divided into souroe and load as 
in Fige 49. For a given source the load may be designed to satisfy one 
of many requirementse The three principal requirements are i= 

(i) Maximum current supplied to the load; 
(ii) Maximum voltage epplied to the load; 
(444) Maximum power transferred to the load. 
In transmission lines and waveguides a further requirement is 
the avoidance of reflections and standing waves; this will be dealt with 


in the appropriate chapters. The load impedances which satisfy the three 
principal requirements for linear networks are, respectively s- 
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(i) Ry =0, 1 = -K,; 


(44) Geno, By = -B,; (ie. By = 0, Xy = 2 “ ) 
8 
(ib4) Ry = so Xf OF c,; or alternatively, Gp = Gg, By = =Bg. 


When the conditions (iii) are satisified, the load and source 
impedances are said to be conjugate, and the load is said to be matched to 
the source, and vice versa. 


For nomelinear networks other criteria must be employed. The 
power delivered to the load, for instance, may be plotted against the load 
resistance, and a series of curves obtained for different values of load 
reactance, The optimm values of Ry and Xv are obtained as shown in 
Fige 63. Where the regulation of the source with changes in losding is 
an important consideration, it may be desirable not to choose the load 
input impedance for maximm power, but to take the stability into account 
(B.g Chap. 8 Sec. 40 )- , 

POWER OPTIMUM Rg& Xy 

If source and load are not OUTPUT AT THIS POINT 
variable, and the ideal matching 
conditions not realised, a matching 
section may be inserted in the line 
between source and load, Ideally, 
this will consist of reactiveselements, 
designed to provide maximun power 
transfer from source to load with~ 
out iteelf ab rbing energy. (Since 
the input impedance of the load is 





fixed, the conditions for maximun Re 
power also ensure that both maximum 

voltage and current are delivered : Pig.63.- Method of determin~ 
to the load). The output impedance of ing correct matching condit- 
the network, fed by the source, will ions when system is not 

be the conjugate of 27 » Whilst linear, 


the input impedance of the network, 
terminated in sy , will be the 
conjugate of 2,, as indicated in 
Pige 64. In general it will not 

be possible to satisfy these 
conditions exactly except at one or 
two frequencies, although approximate 
matching may be obteined over a 

band of frequencies, 


For resistive impedances at (~) 
audio frequencies an iron-cored’ 
transformer is a suitable matching 






MATCHING 
SECTION 





device. This has the advantage 5,-5.7 

thet ae aat Lea for Tee CONJUGATE aaa 
low frequencies are reasonably 

independent of frequenqy, and Fig.64,.= Use of matchin 
depend only on the ratio of R, to . Beation. . 


R¢v. For use at higher frequencies 

various types of matching sections 

are used, all suffering more or 

less from the disadvantage of being 

sensitive to frequency changes. Some of these are described in Chaps, 
4 amd 5. : 


5» GAIN AND LOSS 


In general the network of Fig. 50 will involve either amplifi- 
cation or attenuation of the input voltage, current and power. If the 
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magnitude of the sinusoidal input voltage is V5 and of the output voltage 
Vo, then v,/ 4 is the voltage amplification of the network. Similerly 
A 


i P 
e and. = are the current and power amplifications. 
1 i 


It is customary to define quantities Imown as "Gains and Losses" 
in terms of the logarithms of these ratios. 


Power ratio The Power Gain is defined as 


& = legig #6 bels 


2 


10 log,, Fo decibels (ab.) 
Pa 


Voltage ratio 
The Voltage Gain is defined as 


N 
&, = log Yo nepers 


fA 


“ 
Current ratio The Current Gain is defined as gj = log, Io/f; nepers. 


Other terms are also used. Thus, voltage and current gains are 
commonly quoted in decibels. The 
appropriate definitions are ;:- 





A o--~ ~----0 
= 20 log. ° decibels 
& LO —— 
¥E 
a eet a 
& = 20 logig = decibels Pig.65.- Iterative netyvorks. 
ie 
i 


These definitions imply that if the input and load impedances are identical 
the voltage, current and power gains give the same mmerical value in 
decibels, 


Similarly the power gain may be quoted in nepers, in which case 
Sp=2 1og ¢ Po nepers 
Pp 
i 
These equivalences can be summarised by the statements 
1 neper = 8°69 decibels 
or 1 decibel = 0°115 nepers. 


Where attenuation instead of amplification occurs the corresponding formula 
for the decibel or neper loss may be obtained from the above by inter- 
changing the subscripts i and o,. A 


Ve 
Gege the voltage loss is 20 logio x secibels 
° 


6. ITERATIVE SECTIONS 


Four-terminal networks are frequently used in Cascade (or Tandem) 
to form a line. Such a line is shown in Fig, 65 and may be called an 
Artificial Line, as distinct from a uniform transmission Line which it 
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may be desired to simulate, It may be considered as an iterative 

sequence of either T- or J{ sections, according to the mode of termination, 
as illustrated in Fig. 66. In the mechanical construction of the complete 
network no distinction is made between T- and J( -sections except at the 
output and input términeals, Since it is usual to match the input to the 
source by a matching section, it is convenient to consider the output 
termination only asdeterminingthe manner in which the line is divided into 
its constituent networks for purposes of analysis. Thus the network of 
Fige 67(a) may be split into two parts, as in Pig.67(b), the iterative 
portion terminated in its characteristic impedance 7Z., and the non- 
iterative portion at the input, each part being considered separately. 





Pig.66.- Dividing an iterative Fig.67.- Dissection of network for 
network into symmetrical T- and purposes of analysis, 
Tf-sectionsa. 


If an artificial line is terminated in its characteristic 
impedance appropriate to the mode of division, it exhibits the-input 
properties of an infinite artificial line, since any number of sections 
may be inserted between the output terminals and the load without inter- 
fering with the input conditions. It follows that although the character- 
istic impedance depends on the mode of termination and division, the 
propagation constant of a single section is the same provided the 
artificial line is properly terminated, For example, in the network of 
Fig. 68 the attenuation and phase shift per section are characteristic of 
the infinite artificial line (b) and are therefore the same for the 
iterative T~network of (a) as for the’ equivalent network of (4d). 


{ The Sign == used in this and other diagrams signifies that 
corresponding voltage and currents in the various networks 


are the same 





Pig.68.- Alternative representations of a properly matched iterative network, 
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Iterative networks are commonly used as attenuators, filters or 
delay networks, and the particular properties of these will be described 
in subsequent sections. 


7. ATTENUATORS 


An attenuator is required to yield without distortion at its 
output terminals a predetermined fraction of the input power or voltage. 


For an ideal attenuator J , the propagation constant,is real, 
so that (8= 0 (See Sec. 3); also the characteristic impedance 1s inde~ 
pendent of frequency. To meet the requirements with the symmetrical 
networks described above, 2; and Z5 must be the same Kind of impedance 
(i.e. the phase angles fast 6S the same), and should be chosen to suit the 
load. Since the load is normally resistive, 2, and 2, are usuelly 
resistances, and, particularly when the ettenuator is Used for high 
frequency measurements, special care must be taken to avoid stray react- 
ance, Under certain circumstances, such as for attenuating a large 
alternating voltage to apply to the deflector plates of a CRT a capacitive 
attenuator may be used; whilst for monitoring RF weveforms without 
extracting power, inductive attenuators may be preferasle. Only the 
resistive type will be considered here; the formulae for these are given 
below. The corresponding formulae for the cases where 2) and 29 are pure 
reactances of like kind may be obtained by substituting X for R through- 
oute 


+ Properties of a symmetrical resistive attenuator network 





For a network of given type, determined by R, and Ro and 
divided into symmetrical sections as shown in Fig, 69, 





T - SECTION ~SECTION 


Fig.69, - Hatched attenuators, 


TR = /RR, + Re > Gg “SGiGy + Ge? 
4 4 
ee at 
(Note: G, = Ro’ = Rh 
and Gy =1_) 
a 


and po : Ft Fo = Ry Re 


Putting (= 0 an the formula for $ given in Sec, 3, and writing 


ET™= E* =x , we have 
Ls a 
k + k = 2 + Ro 
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The following useful formulae may be deduced :- 
ka Ry 4 QpBo 2 mB + 2 Be 3 
Ry — 2yh, MB ~ 2 Re 


Ro#2.-k-1. end Ro= 2k : 
1 ev L pEo a pRy ; 


R= Kol op on RB el: kel. Ro, 
2k By Ss yo x 


These formulae enable »R, or q Ro and k to be determined from 
Ry and Rg, or vice versa. 


The attenuation in db per section is 20 login k. 


Examples 


(2) Construct a T- section attentator to provide 14 db loss per 
section and to match to a 2000 olms line, 


We have 201ogi 9 k= 1k. 
Hence k == 5 


Also po = 2000 


2(k=2) gk 


kel 


"l 


Henoe Ry 
= oe 2000 


==; 2670 ohms 
Also R, = 2k peo 


2 ww 

= 10 2000 
24. 

=== 830 ohms 


Hence each section is formed of two series resistances, each 1335 ohms and 
a shunt resistance 830 ohms. 


(2) A W-section attenuator has shunt resistances 4000 ohms and series 
resistance 1000 ohms. ‘To find the characteristic resistance end db loss 
per section. 

We have Ry = 10002. Ro 22000 a. 


Hence gGo = J1.44 (4) £ millimhos. 


= Le, millimhos. 


dees R, = & ohms 
3 
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= 1330 .ohms , 


Aleok+ Ll = 2 + 
kK Ro 

= 2+4i1 

2 


Hence k = 2 and the db, loss per section is 6. 


FILTERS 


8. Ideal Requirements 

The ideal requirements for a filter network are illustrated in 
Fige 70. The frequency spectrum is divided into pass bands and attenua- 
tion bands. In the former, no attenuation is desired, and any unavoid - 
able phase shift should be proportional to frequency. Outside the pass 
pands there should be infinite attenuation of signals at all frequencies. 


1 
| rear 
TO FREQUENCY 


1 
f 
| 
i 
i 
1 
4 
{ 
1 
{ 
J 
1 
! 
I 
| 
{ 
| 


PHASE SHIFT 





o i 
HARACTERISTIC | 
IMPEDANCE 

| 
es 


i 

1 
| { 
! t 
} ! 
! I 





Pig.J0.- Ideal characteristics for a filter. 


Since the load is normally resistive, the characteristic imped- 
ance in the pass band should be a resistance of constant value, 


In practice it is impossible to make the phase shift proportional 
to frequency over the whole of the pass band, and the transition from pass 
band to attenuation band at the Cut-Off Frequency, as the bordering 
frequency is called, involves a more or less gradual increase in attenua- 
tion as the frequency recedes from its cut-off value. 


9. Simple High-Pass and L c 
4 -0 


Low-Pass Filters Pd lee o-- 
In the ideal c L 
networks about to be eM a 
o-- “0 O@--- -0 


described it is assumed 

that reactive elements (a) ; (b) 
are devoid of resistance. ‘ 

Phe “peaults obtained in Fig.71.- Simple filter networks. 
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practice agree closely with those derived from this assumption provided 
high-Q components are used, 


2c 2 c 


L bo L 
ae ee 

; 1 i 
eee (b) (c) (d) 


Fig. 72. - Symmetrical T-section and Tf-section filter networks. 


To provide frequency discrimination without attenuation, both 
capacitive and inductive reactances must be used, The simplest, or 
prototype, filters are show in Fige 71, and the symmetrical T~ and 7 
-section acrangements in Pige 72. For,certain filter applications the 
resistance-capacitance networks of Fig. 73 may be used. In these the usual 
object is to make the capacitive impedances sufficiently low compared 


with the resistance, at 
all frequencies likely to 
R Cc 
c R 


be present. 
(a) () 


10. Simple Low-Pass Filter 


Formed of Purely 
Reactive Elements Fig.73.- R-C filters, 


Pige 7h(a) 
represents an iterative 
network of any mumber of 
identical sections formed 
of perfect coils and 
condensers; the network 
is properly terminated 30 
that, at the input 
terminals FO, it looks like 
an infinite line. 


The letters Q, 
§, U, denote the meshes 
of the networks, and the 
currents, dos 4g eto. the 


corzesponding series 


currents. Vg and Ys eto. 


are the voltages developed 
across the series 
impedances, 





The subscript m 
denotes the electrical 
centre of a series reactance 
(Gege Qm is the electrical 
centre of FR) or the space 
which divides a shunt sus- 
ceptance into two equal 


Fig. 74. - Alternative representations of 
& properly matched iterative 


1 0 9 network, 
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susceptances (e.g. Ry divides wC into two susceptances each wC ) 
2 


The sign == implies that those portions of the various figures 
which are similarly lettered carry identical currents and voltages. 


In the associated diagrams of Figs. 75 - 77 OP, OR etc. 
denote the voltages between the. corresponding points of Fig. 74, whilst 
OQ, OS etc. denote the currents in the corresponding branches. 


As shown in Section 6, the phase-shift, @ radians, and attenua- 
tion constant k, for each section, are independent of the manner in 
which the network is divided into T- or j{ = sections, To consider the 
properties of the symmetrical T- network of this type of filter, the line 
is divided at the middle of one of the series inductances, as shown in 
Pig. 74(b), where the inductance L between P and R is bisected at Qn 
For a syumetrical j{-section each of the shunt capacitances is split into 
two equal. parts'as show in Fig. 74(d), so that the line appears as in 
Fige 7a(e). For either method of division there is no change in any of 
the voltages or currents to the right of the chosen input terminals. 


The properties of the low~pass filter will be derived by 
considering the geometry of the vector diagrams. The data upon which 
these diagrams are based are :~ 

fi} The phase shift 3 radians per section; 

is@e, Vg lags Va Vn lags VRe Vy 
lags Vy etc., all by radians. 


(41) The attenustion k per section; i.¢., 
N 


A “a A A AC 

k = “P = YR = eeeceee = VQ VQ eoevce = 4g = is ..ete 
A a “a A A a 
seo OOM ‘s ‘WD 4g ay 


where Vp, etc., are the amplitudes of the alternating voltages 
and currents 


(iii) The voltage vector leads the current vector by T radians 


for an inductance, enf legs by TL radians for a capacit=- 
ancés 


There are two types of vector diagram consistent with these 
relationships, relating to the pass band and attenuation band respectively. 





Fig.75.- Vector diagram, 
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Pass Band 


The relationships (i) and (i441) above are plausibly 
illustrated in the vector diagrams of Fig. 75. It will now be 
shown that (ii) implies that 


OP = OR = Of, etc and 0Q = 05 = OU, etc. 


Since PR is perpendicular to 0Q (voltage and current vectors 
for coil PR) and RO is perpendicular to QS (voltage and current vectors 
for condenser RO). 


[PRO =(SQ0- 


Hence tke triangles PRO, SQO and, similarly, all the other triangles, are 
equiangular, so that their corresponding sides are proportional. 


Therefore 
FO = 30 
RO QO 
A 
dee. YP = $0 Sieve iwiad vediehadeceimroeseye tl) 
x, 
A A : 
But set = QO = k from (44) 
Ye  T 9% 
hence 


80; i.e SO = (0 andk=1 
QO 


as 


henee there is no attenuation in the pass band. 


Fige 76 shows the true vector diagrams supsrimposed, with these 
relationships satisfied. 


Referring to this figure 


@ .72, 2 2% tf 
sin & = V, ° 
> x i * ae Z 
i VR 47q “R 
“A A 
but gg swhl, and "YR = 1; 
“A A we 
ig ip 


henee sin @/, “foes / = f° 


c 
where W = 29 fandw, = 27 to = / st 5 


ee oR a teoff frequency) 
ie, f 8 x ic (which will later be known as the cut-o q 


It follows that, as drayn, the vector diagram is valid far only 
one value of f,, and that similar diagrams can be drawn only for values of 
f£ 3 fg, since sin cannot be greater than L 
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f. is called the Cut-Off Frequenc:. 


Q 
ie 
| | 
{ 1 
i {4 
i 1 


I 
‘ 
! 
t 
' 
{ 


a 


aloe 





pte ese ee age Lads 
i 
be 
; 
t s ¥ 
Pig.76.- Pass-band vector tagram Fig.7].- Attenuation band vector 
for low-pass filter. diagram for a low-pass 


filter, 


Characteristic Impedance 


The fT ~section characteristic impedance is the ratio of the 
potential difference, between Q,, and 0 to the current ig (Fig. 74(c)). 


This is the ratio QO (Fig. 76). 
Q0 


Thus T70 = Qn = Qn | BO 
Q RO Qo 
A 
= weg, ® 
2 4 
iy 
But, in the triangles PRO, QS0, 
“A 
¥Q « & = 2% 8 oL s 
pat 5 ~ = 
dR dy Red e 2 
Hence 9% = /E os 8 
¢ 2 


Also Qn0 and QO are collinear, showing that the impedance is purely resistive. 
(Similarly, from RmO0 end RO, corres: to the ft- division of Fig. 74(e), 
it may be shom thet 7% =/ L asec » and is purely resistive). 

Cc 2 3 


Attenuation Band 





At frequencies higher than the cut-off frequency, the phase~shift 
@ remains at its cut-off value, J( radians per section. The vector 
Giagrams collapse into single lines, as show in Fig. 77, so that equation 
(1) in the analysis of the pass band no longer holds. ‘All the currents 
are in quadrature with the corresponding voltages, and the characteristic 
impedance for the T- section is an inductive reactanoe. 
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Attenuation per section 
Referring to Fig. 77 


A Aa Nn A 
ip = ig + ds = (k +1) ig; 
A A 
%Q = Vp + vp = (x + 2) VR Sbueebieweseeeccevee le) 
Hence 
A A 
i = (k+1)‘R 
A a~ . 
(k+1) ds ip 
“A a 
Lee k V5 Oa 4 VR 
(x +1) 43 + 





2 
Therefore kwh sz +2; dee, Esl = WLC = hw * 








kel W w, 
Fence k+1] S 20 
Vv «k w, 
= Je + 1 = 2 
Jr fo 


Prom this it may be deduced that the attenuation per section is given by:~ 


£ 
JV = — + 2 

f£ £ el 

2 (F) : 


(The propagation constant, § , is G+ je , where B® = To and a= logeR 
nepers per section), 


Characteristic Impedance 
In the attenuation band 


To = Qn0 


Zig 


A 
= YR (kel 
2 


“An 
= % @=1) coccseccccecccesssees from (2) above 
(k +1) 249 


es WL | (k=l 
2 k+1 
s= WL for k large ; 
2 
i.e. forf >>, . 


113 


Chap. 3, Sect 12 
This gives the magnitude of the characteristic impedance, 


The above results may be obtained more readily by the use of the 
theory of complex mumbers, applied to the formulae given in Section 3. 


11. Graphical Representation of ies of a S e Low-Pass Filter 
T-Section 





For a network contain- 
ing the ideal components of 
Fig. 74(a) the characteristic 
impedance and attenuation vary 2 
with frequency as shown in a 
Fig. 78. These variations are Zo 
obtained from the formulae 
derived above. “ 
PURELY “7 URE REACTIVE 


\ 5 
RESP nee // (DOTTED CURVE GIVES 
A THE REACTANCE WHICH 

la 1§ INDUCTIVE) 







It is common practice : 
to draw the Loss~Frequenoy JE 
curve, instead of the 
attenuation frequency curve. 

The loss may be plotted on an 

inverted axis, as shown in (a) 
Fig. 78(c), and is 20 logyg k 
dscibels per section. 





Effect of incorrect ‘eraineation 





It is not general‘; 
possible to terminate such a hea 
network by its characteristic | 
impedance at ail frequencies, \ 
because of the inconvenient | 
form of the variations which 
occur in this guanbi'y with 
changes of frequency. In 
practice, the simplest com- 
promise available is to make 
the load_a resistance of wees 
value fe - The filter is (<) 

C 


then properly terminated at 
zero frequency, and the effect 
of incorrect termination is Fig.78.- Characteristic properties of 
not pronounced until cut-off a low-pase filter (T-seetion), 
frequenoy is approached, 
particularly if the output 
impedance of the source is 
also « resistance of value 
& - The efféct is illustrated in Mg. 79, where the lose~frequenay 


Mieccciacigiies is plotted for a single T-network terminated in / He 
Phe input impedance is not purely resistive except at zero a and 


some loss (3 db. at f,) is introduced into the_pass band, If several 
ctions are used in Sascade, terminated in » or if a matching 


ia °° 
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section is inserted between the T-network and the load, the loss-frequency 
characteristic for each section will lie generally between the two curves 
of Fig. T9 


f 











--—- LOSS DUE TO SINGLE 
SECTION PROPERLY 
TERMINATED AT ALL 
FREQUENCIES 

~— LOSS DUE TO SAME 

SINGLE SECTION rc 

TERMINATED IN R=, é 






PURELY 
REACTIVE 
(DOTTED CURVE GIVES 
THE REAC TANCE, WHICH 

1S CAPACITIVE) 


oF 


1 
t 
| 
, 
\ 
) 
I 
bee —- = 20 
1 
1 


PURELY 


= RESISTIVE | 
fe 





30 


40 


Loss 
IN db 


Fig.79.- Loss for single low Fig,80,.- Characteristic impedance 
pass filter sectio of a low-pass filter, 
terminated in Viv at 
all frequencies. 


12. Properties of Simple Low-Pass Filter Jl -sections 





The attenuation due to a filter formed of Tl -sections is the 
same as for the corresponding T-section network, as described in Sec, 6. 
The principal difference between the two types lies in their character- 
istic impedances, that of the JU -section becaming infinite at the cut~ 
off frequency,’ and becoming a capasitive reactance in the attenuation 
pana (Fige 805. 


° fe f 


(a) 
Loss 







z Z 
1fo_ ried ae O. 
PURELY PURELY RESISTIVE 


REACTIVE 





tomo 





i 
; (b) () 
t 
t 
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Pig.81.- Loss and characteristic impedance curves for a simple 
high~pass filter. 
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the two characteristic impedances are related by the formula 
o 2 7 L 
mot N% = 4% = Cc 


13. Prov erties of Simple High-Pass, Band-Pass and Band-stop Filters 


The Loss curves and characteristic impedances of the simple 
high-pass filters of Fig. 72(c) and (a) are shown in Fig, 81 


« band-pass filter may 
be formed of a high-pass and a 
low-pass filter in cascade, (FOR HIGH-PASS 
TIdealised loss curves for fe) FILTER) 
such a filter are shown in 
Pig. 82, but these are not 
attainable in practice due to 
unavoidable resistive losses and 
also to the impossibility of 
terminating both filters 
correctly at all frequencies 
within the pass band, 


(FOR LOW-PASS 
fo FILTER) f 












\ 
' 
1 
i 
1 ! 
[fc(HIGH PASS) <f,(LOW PASS)] 


Similarly a band~stop Loss 
filter may be formed by bridging 
a high-pass and low-pass Pig.82.- Loss for band-pass filter 
filter, as shown in Fig. 83, formed by high-pass and 
low-pass filters in 
The types of band~pass cascade. 


and band-stop filters commonly 
met with in radio receivers are 
simpler in that they involve 
fewer components then are 
required by the bridge or cas- 
cade connections just described, 
but the analysis and design are 
more complicated and the 
attenuation-frequency character~ (a) 
istics are usually much inferior 
to the idealised curves of 

Figs. 82 end 83. For RF and IF 
circuits of a radio receiver 
such filters are generally made 
adjustable, and the final 

sizes of components chosen 


14. Other Types of Filters 


Networks more 
complicated than those 










HIGH-PASS 
FILTER cS 
a 


O 
LOW-PASS 
FILTER 









described above are frequently tags 
used as filters. Some 
arrangements are shown in Fig.83.- Band-stop filter formed ie 


Figs, 8. to 87, with ideal bri hi iS 

attenuation characteristics. ging high-pass and low 
pass filter, 

These are examples of 

tmederived" sections, and ; ' 

reference should be made to more advanced texts for a discussion of 


their properties. The provision of a parallel anti-resonant circuit 
in the series arm, or a series resonant circuit in the shunt arm 
introduces infinite attenuation at the resonant frequency of the tuned 


circuit. 
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FREQUENCY 
OF INF:NITE. 


ATTENUATION fc f 





° 


(a) 


LOSS 
(b) 


Pig.84.- High-pass m-derived W-section filter. 


In practice, resistive losses modify the idealised curves, 
introducing a certain amount of attenuation in the pass-band, and generally 
decreasing the sharpness of the distinction between pass and attenuation 
bands. High-Q circuits and components are required if the ideal curves 
are to be approached closely; for this reason piezo-electric crystals 
are frequently used in place of tuned circuits in band-stop and band-pass 
filters, but the use of these is limited by their very narrow timing range. 


FREQUENCY 
OF_INF:NITE 
fe ATTENUATION 


(a) 





LOSS 
Fig.85.- Low-pass m-derived T-section filter. 


15. Delay Networks 


It is show in Chap. 4. Sec. 6 how the change of phase produced 
in a trananission line depends on the time taken for an electromagnetic 
wave to pass along the line. The sme is true for an artificial line 
or Delay Network, If this time of transit is T, then the phase angle 
by which the output lags the input, is comected with T and f, the 
frequency, by the relation : 


¢ = 2net 
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FREQUENCIES 
OF INFINITE 
ATTENUATION 


o LOSS 


(a) (b) 
Pig, 86.~ Band-pass m-derived T-section filter. 


% 


For a simple low-pass network of n sections properly terminated, 
the time of transit for a wave of frequency £<< f, may be taken as 


n@® ; 

te ae * ox TF ? where sin & xf = xf Ac. 
+ Oe 

Hence, for f << fgy when sin 8 = $6, 
2 
T te n. 2K f Ji 
2 f 
= n /iG (This result is independent of f, provided 





t<< t) 


For higher values of f (but still within the pass-band), the 

value of T increases, until at f = f, the time of transit isT = nt 
: 2 fo 
= AE . AG. the variation of @ and 7 with frequency 


= a 
2 c 
CUT-OFF FREQUENCIES 

FREQUENCIES 


OF INFINITE 
\T TENUATION 


Ricoh 


(a) 





| 
| 
i 
i 
{ 
\ 
1 
! 
| 
| 
! 
| 
f 
! 


LOSS 


Pig.87.- Band-stop m-derived W-section filter. 


is illustrated in Fige 88. 
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This increase in 8 
time-delay with rising 
frequency causes distortion 
of non-sinusoidal waves, 
this distortion being 
superimposed on that due 
to the attenuation of 
components whose frequency 2 fe 
is higher than the cut= 
off frequency. Where 
such a network is used to 
delay a rectangular pulse 
the cut-off frequency 
should be high compared " 
with 1 , where T. is the 

z P 
pulse width, This 
determines the maximum 
permissible value of / LC , 
so that the number of 
sections necessary may be 
determined fron the fornula:- 








n 


FOR f<fg FOR >fe 
p-% 


sia 
ae] air 





7 Fig.88.- Variation of phase shift and 
ne Jie » T being the delay time with frequency. 


total delay required. 
The actual values of L and C needed are determined from the 


chosen cut-off frequency and the value Ry of the resistive termination 
of the network. Thus := 


fe, = 1 ae Es 


TK ic 
whence GC = pecs cem farads, and L = Reo henries, 
it foRe nn fo 


Rg being measured in ohms and f, in o/s. 


16. Use of Delay Line for Re ar ses 





It is show in Chap. 4, Sec. 12 that a length of transmission 
line may be used to produce narrow, rectangular pulses. The advantage 
of using a uniform cable for such purposes is that it passes all 
waveforms Without distortion, As described in Chap. 4, the pulse is 
produced by a wave travelling to the end of the cable and back again, so 
that the cable delay time must be half the desired pulse width 


: an artificial line formed of from two to eight low-pass filter 
sections may be used in place of the cable, with considerable saving of 
both space and weight. 


Since T = $7, the design requirements for the network given ‘in 
See, 15 include the relations 





1. 1 
>> and +T 2 n. / LC 
T Yio % ae 


50 that 1 >> 1 ; 
TN /ie 2nfic” 
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or n>> x . 


For values of n greater than 6, or thereabouts, the pulse can be made 
substantially rectangular. 


Examples 


(i) To construct a low-pass filter T-section whose characteris- 
tic impedance at zero frequency is 600 ohms and whose cut= 
off frequency is 4 Mc/s. 

We have Js = 600 and 1 = 4.106 

Cc NAG 
Hence “IC = i 6 
49 10 


as L = 600 6 
& IF LO 


= 150 #£=microhenries 


==: 47°7 #14microhenries . 





Similarly C = 1 oe 
Aye 10° “600 
= 1 
24 10° 
== 133 pF. 


Hence the T-section has two series inductances each of 2). microhenries and 
a shunt capacitance of 133 pF. 


(41) To construct a delay line to pass signals of all frequencies 
up to 3 Mc/s and to provide a total delay of 6 us. It 
must match a 2000 ohm line. 





We make f, = 1 = 310° ana /T = 2000. 
C 


Tv / Le 
As for the previous example we obtain 
1 
= s=-6 
Vic 57% 10 
Whence we obtain L = 212 /u. 
C = 53 pr. 
The total delay is 6 [> whilst the delay per section is 
a 
CR ae od 
Hence the number of sections required is 
Se. GS 22 = 57 
- 3m aN 
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Hence 57 sections are required,each with total series 
inductance 212 (AB and totel shunt capacitance 53 pF. 


(444) To construct a pulse-forming network of 6 sections to 


match to a 800 ohm load and to have a double delay 
time of 1.0 po 


Pere fe = 800. 
C 


6 fie = 05.106 


Hence 6L = 800. 0°5. 1076 


. L = “0 microhenries 


= 67 microhenries . 
6 


Similarly 66 = 0-5 10°. 
800 
Hence Cc = O25 ° 106 pF 
6. 800 
S= 104 pF. 


Hence each section has total series inductance 67 J and 
shunt capacitance 10) pF. 


Chap 3, Sect. 17,18 
RESOLVING NETWORKS 


17. General. 


In radar circuits it is often required to produce a voltage 
proportional to the sine or cosine vf some variable angle. This 
angle may be an angle of azimuth or elevation, or it may be a 
phase angle corresponding to a time-delay, such as is involved in 
the measurement of range, In any case there are three principal: types 


of resolver that are used in practice; these are :- 
(1) the Resistive Resolver (Sine Potentiometer), 
(ii) the Inductive Resolver (Magslip Resolver), 


(444) The Capacitive Resolver. 


fype (i) may be used with AC or DC supplies; types (44) and (144) can be used 
only with AC supplies. ‘Type (iii) is not encountered as a resolver alone, 
being employed only in the capacity phase-shifting network described in 

Sec. 22. It will not be described separately. 


18. Resistive Resolver 


The basis of this device is illustrated in Fig. 89. A wire-wound 
resistor OP is made into a non-linear potentiometer so that for ‘movement 
@ of the slider the resistance tapped between 0 and Q 1s proportional 


to sin @. 








P 
POTENTIOMETER ARM 


Fig.89.- Resistive resolver (sine potentiometer), 


Since R oc gin © 
5 R ce 008 9$0, 


so that if §R is the incremental resistance for each turn of the wire 
on the former, corresponding to a length §€ , and provided the resistance 
per unit length of the wire is umiform, 


§£ ce cos 0. 


This means that the wire may be wound on a former having the shape of 
& cosine function as showm (Fig. 89(b)). 


A group of four such cosine-law resistors may be arranged as 
shown in Fig. 90(a) to give continuous resolution. As the potentiometer 
am turns through an angle @ the direct voltage tapped from the resolver 
varies as shom at (b). If an alternating supply is used, as show in 
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Fig. 91 the input voltage being V5 9 the output voltage is Vo = Vz sin 0, 
as for the DC circuit. : 


Such a resolver, 
although accurate for 
direct or low-frequency 
alternating currents, is 
not often used for 
frequencies of several 
Kilocgycles or more because 
of the effect of stray 
capacitance, and because 
inductive resolvers are 
more suitable at such 
frequencies, Instead of 
the accurately wound 
sinusoidal potentiometers, 
linear resistances may be 





used to give a rough type of Vo 
reselution as shown in 
Fige 92. The eight feed sig 


points are taken to the 
supply voltages as shown 
at(a) and as @ varies the 6 
voltage tapped from the 

resolver follows the graph 


shown at (b). Although “Vj 

such a device is inaccurate (b) 

as a straightforward resolver, 

it finds a useful application Fig.90.- Sine potentiometer arranged to 
in the resistive type of ‘give continuoua resolution, 


phase~shift network described 
in Sec. 23, where the in~ 
accuracies of the method do 
not matter greatly because 

of the special requirements 
of the system, 


19. Inductive Resolver (Pig. 93) 


The inductive 
resolver consists funda- 
mentally of two coils, a 
stator and a rotor, the 
alternating supply normally 
being ted to the former and 
the output being taken from the 
latter via sliprings. 
Alternatively the roles of the 
two coils may be reversed, 

The coils are mounted on a 
‘common diameter and wound in 
such a manner that the mutual 
inductance between them is 
proportional to the cosine 
of the angle @ between 

the coil positions. Fig.91.- Sine potentiometers used with 
-Hence the voltage anducéd in AC supply. 

the output coil is proportional 

to the product of the input 

voltage and cos @; Fige 93(b). 
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There is a large leak- 
age inductance, so that there is +, 
very little effect of the output 
circuit on the input, the 
reflected impedance being small 
compared with the impedance of the 
primary circuit. This is 
important, since otherwise the 
variation of the reflected 
impedance with the position of 
the rotor would appreciably 
affect the primary current and 
introduce errors whose magnitude 
would vary with the secondary 
Load. (a) 





Tf the supply is fed 
to the rotor, and two identical 
stators are used, perpendicular 
to each other, voltages 
proportional to sin @ and cos@ 
may be obtained simultan~ 
eously from the two stators, 
as indicated at (c). 
Magslip transmitter 
elements designed to operate in this 





(b) 


way are commonly known as Pig.92.- Approximate resolution using 
Magslip resolvers (See Chap. 19, linear potentiometers, 


Sects. 7 and 9). 


Vo 
(A NEGATIVE VALUE OF 7, INDICATES AN 
ANTIPHASE RELATIONSHIP ) 


(b) 


_ Ver Vv, cos 6 


= Le — 


eg Vcc, SIN 8 


| 


Fig.93.- Inductive resolver, 
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CONTINUOUSLY VARIABLE PHASE-SHIFTING. 
DEVICES 


20. General 


In sections 8 - 11 it was shown how, in an iterative filter 
network, there is a progressively increasing phasé delay between output 
and input terminals as the mmber of sections is increased. If the 
number of sections is varied it is possible to choose a voltage with 
any desired phase relationship to the input, within the limits of the 
phase-step from one section to the next. In radar it is often 
necessary to be able to perform this process of phase variation through- 
out the range 0 - 360° continuously, for the purpose of obtaining a 
sinusoidal voltage variation in the required phase relation with a 
fixed-frequency input wltage. This process is not concerned with 
time-delays and should not be confused with the more general problem of 
the use of delay lines, usually employed to introduce time-delays into 
circuits handling signals of pulse form; although the latter method is 
applicable to the production of phase delays in sinusoidal oscillations,, 
the circuits are usually more clumsy and of wider application than is 
necessary. For example, where this method is employed, for. the sake of 
accuracy the phase-change per section must be kept small, so that a 
large number of sections must be used, 


The more common method of providing 0 - 360° continuously 
variable phase-shift is to start with two sinusoidal voltages of the 
required frequency, in quadrature. If these are added or subtracted in 
the correct proportions an output voltage may be obtained with any de- 
sired phuse relation to the input. , 


Thus, suppose the input voltages are given by 
v, = A sin Wt andvp =A cos Wt 


respectively, If a fraction sin f§ of the second is subtracted from a 
fraction cos p of the first, an output voltage is provided given by 


Vo = A sinW t.cosfh — A cos Wt.sinf 
=A sin (wt -f) 


i.e., @ signal delayed by a phase anglef} with respect to the input volt- 
age Vy. 


A description is given below of three types of network used to 
provide continuously variable phase~shift by this method using inductive, 
capacitive and resistive reaolvers respectively. 


The Inductive Phase-Shifting Network Goniometer and the 
Capacitive Phase-Shifting Network both provide smoothly variable out- 
puts, rely for their accuracy on manufecturing tolerances, and do not 
need adjustment (save, perhaps, for an overall adjustment equivalent 
to ensuring that the input voltages v1 and vo are of equal amplitude and 
truly in quadrature). The Potentiometer Phase-Shifting Network is a 
step-by-step device relying for its accuracy on the tolerances of its 
component resistors; any of these may be changed without upsetting the 
mechanical construction of the devicee By the use of a sufficiently 
large number of resistive steps the errors due to the device not being 
smoothly variable may be made negligible, 


The potentiometer circuit is substantially independent of 
frequency. This is not usually true of the two other circuits. 
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21. The Goniometer 


This device resembles the inductive resolver, The two quadrature input 
voltages v, and vg are applied to two stator coils whose magnetic axes inter- 
sect at right angles. A rotor coil is placed so that its magnetic axis may 
be rotated into coincidence with that of either stator. This is illustrated 
schenatically in Fig.94. Normally 
the stator coils are split into pairs 
in order to generate a symmetrical 
stator flux, and opposite coils are 
connected in series. 


4 method of correctly feeding VyecUscos e} 
such a four-stator goniometer from a 
single-phase supply is shown in Fig. 
95. The simplified circuit is given 
at (b). In this circuit L, the vy Vosine | g 
inductance of a pair of coils in series, 
is the same for each stator group. 
If Ry, and ¢ are correctly adjusted 
the currénts in the stators are equal 
in magnitude and are in quadrature. 
Such an arrangement is highly sensitive 
to changes of frequency. For a 
single frequency the goniometer can be Fig.94.- Goniometer, 
made accurate to a fraction of a 
degree. 


22. The Capacity Phase-Shifter (Fig. 96) 


‘This device is 
closely analogous to the 
goniometer, relying for 
its operation oninduced 
electric, instead of 
induced magnetic fields. wae ty, 
It takes the form of a 
split-stator condenser, the 
lower stator plate being 
earthed and the upper 
stator plate being divided APPLIED 
into four equal sectors. OUTAGE 
Opposite pairs of plates 
are fed with the balanced 
quadrature input voltages (Q)SCHEMATIC DIAGRAM OF A GONIOMETER (4 STATORS) 
v, and v5, end an unbalanced 
ottput is taken between the 
rotor and the earthed lower 
plate. If the stator and 
rotor plates are made to the 
correct shapes reasonably 
accurate resolution is 
obtained by this method, vi) 
errors being normally of 


the order of one degree. 













(b) SIMPLIFIED ELECTRICAL CIRCUIT OF {a) 

The method of 
feeding the input voltages 
in the correct phase from 
a single-phase supply is 2 s 
the same as for the potent- Fig. 9).- Feeding a four-stator goniometer, 
dometer arrangement given 
below. 
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23. The Potentiometer Phase-Shifting Network 


This device incorporates 
the approximate type of resolver 
described in Sec. 18. 


In theory, accurate 
resolution could be obtained 
using tapered resistors as 
describea in Sec. 17, and 
arranged as indicated in Fig.97. 
Balanced sinusoidal input 
voltages V,, Vp are applied in 
quadrature™as shown,and the 
balanced output voltage is 
obtained from the two tapping 
points. In practice the 
necessity for accurate winding 
of the sinusoidal potentiometers 
is a drawback and linear 
potentiometer arrangements are 
used, In these a slight 
variation in output amplitude 
with phase is inevitable, but 
this is not usually important. 


Fig. 98 gives the 
schematic layout of a 4-feed~ 
point phase-shifting network, 
whilst the vector diagram of 
Fig. 99 illustrates the 
action. As P, Q move from 
A to B and from C to D 
respectively, the output 
voltage vector P'Q' changes 
fram A‘'C' to B'D', equal 
résistance changes correspond- 
ing to equal movements along 
the sides A'B', C'D' of the 
square. It follows that if 
the resistances between 
adjacent studs are all equal, 
equal movements of the output 


arm FD do not correspond to equal. increments of phase p. 


UNBALANCED OUTPUT 
FROM ROTATING VANE 
O Ve 






ROTATING VANE 


Fig.96.- Capacitive phase-shifting 
network, 





Fig.97.- Resistive phase-shifting 
network, using sine- 
potentiometers, 


The graph show- 


ing errors due to using equal resistances in this four-feed-point network 


is shown in Fig, 100. 


To obtain a better approximation whilst avoiding 


the use of resistors of different values the eight-feed-point arrangement 





Ve 


Rab = Rac=Red = Rea 


Fig.98.- 4-feed~point potentiometer 


phase-shifting circuit, 


THE PRIMED LETTERS ' 
INDICATE THE 8 
POTENTIALS AT THE 
CORRESPONDING 
POINTS IN FIG 98 






Fig. 99.- Variation of output 
voltage with movement 
of P. 
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shown in Fig. 101 may be employed. 
if the feed resistors between the 
input terminals and the circuler &RROR 
resistor chain are suitably chosen 
the vector diagram takes the form 
given in Fig. 102. The output 

phase (® ie then the same as the 
angular rotation 9 at 16 points 
instead of 8, as in the four~feed- O° 
point arrangement, and the inter~ 
mediate errors are correspond- 

ingly reduced (Fig. 103). 





One method of feeding the 

four points (ABCD) of Fig. 98 is MAXIMUM ERROR = 4° 
shown in Fige 10h. <A circuit 
similar to that of Fig. 104 may 
also be used to supply the four Fig. 100.- Error curve for 4-feed 

fs : * . int 
primary feed-points (ABCD) of potentiometer “Ey 
Fig. 101. If the input resist- r 
ance of the potentiometer tetween 
A and B or any corresponding pair 





THE PRIMED LETTERS INDICATE THE 
POTENTIALS AT THE CORRESPONDING 
POINTS IN FIG 101 





fig. 101,- 8-feed-point ‘potentiometer Pig. 102, ~ 8-feed i 
. . -point potentiometer 
phase-shifting circuit, circuit; variation of 
output phase and amplitude 
with slider movement, 


of points is R, then unless 
R, >> R POSH SR SSETSHSHHSSSE HEHE HHOEHTHEHEH ESTO ESEHRETED (1) 
the phase-shift circuit will be appreciably affected. 


If this imequality (1) is satisfied, then the condition for 
voltages Vy and Vo to be in quadrature is 


WR = i, 
since then the voltage at B otags that at A, whilst the.voltage at D 
leads that at A, both by 45°, as indicated in the vector diagram of 


Fig. 104(c). The voltages ¥, (between A and C) and vp (between B and D) 
are then equal and in quadrature, 
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ERROR 





MAXIMUM ERROR 0-5° 


Fig. 103.- Brror curve for 8-feed-point potentiometer circuit, 


If the input resistance Rp between each pair of the feedpoints of 
the potentiometer is not negligible, the error thereby introduced can be 
minimised by inserting a small coil L, shown dotted in Pig. 104(a), in 
series With each resistor R. It can be showm from the geometry of the 
vector diagram (d) or by any other method of analysis that if the 
relations 





L = R 
wc (R + R,) 
and W C RR, ee 
R+R8 
P 


are satisfied,the figure formed by the points A'B!C' and D' of Fig. 104(d) 
is very nearly a perfect square, so that ¥y and Vp are again equal and 
in quadrature. 


Alternatively, the input resistance of the potentiometer circuit 
can be made ineffective by feeding the voltages via cathode follower 
circuits, which owing to their large input impedance do not appreciably 
load the phase~shifting C-R network. 


2he O = 180° Phase Shifting Network 


The method described in Sec, 23 of feeding the four points 
from a single-phase aupply mav readily be adapted to provide variable 
phase-shift from Oto nearly 180°. The circuit arrangement is indicated 
in Fig. 105(a), and the vector diagram (b) shows the action of the 
network. Provided the output impedance of the transformer is small 
compared with the input impedance of the network, the voltage developed 
between X and Y is constant, and is represented by X'Yt in (b). 
X'Z' and Y'Z* represent the quadrature voltages developed across C and 
R respectively. 


A 
to 
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> OUTPUT 
VOLTAGE 


(a) SCHEMATIC DIAGRAM OF QUADRATURE FEED NETWORK 
FOR POTENTIOMETER PHASE SHIFTING CIRCUIT 


Vap 





(C) VECTOR DIAGRAM 





(b) SIMPLIFIED ELECTRICAL CIRCUIT 
OF FIG. (a) 





ic : 
Veo 
(d) EFFECT OF INTRODUCING SERIES INDUCTANCE L 

TO COMPENSATE FOR RESISTANCE Rp SHUNTING C 


Fig. 104.- Quadrature feed network for potentiometer 
phase-shifting circuit. 
aim 
Ao 
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The vector O'Z' represents the output voltage in magnitude and 
phass. As the value of R is varied the point Z' moves on a semi- 
circle on X'Y' as diameter with centre O0', since angle X'Z'Y' is always 
a righteangle. The output voltage, represented by 0'Z', therefore 
remains constant in magnitude, as the value of R (ar C) is varied, ana 
its phase relative to that of the voltage across the transformer secondary 
winding can be changed through about L,0° with practical values of R 


and Cc, 












c z 
INPUT h 
SINUSOIDAL 
OSCILLATION . | 
OUTPUT 
<j | 
| 
CENTRE TAPPED 
SECONDARY WINDING 
(a) 
VOLTAGE ACROSS SECONDARY WINDING 
x4 oO! y! 
{ 
i 
i 
VOLTAGE \ / VOLTAGE 
DEVELOPED * / DEVELOPED 
ACROSS C ACROSS R 


- 
a ee 


Fig. 105.- 180° phase~shifting network 
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CHAPTER 4 
TRANSMISSION LINES 


INTRODUCTION 


a. Qjrcovits With Distributed Constants 


The theory of circuits with "lumped constants", based on 
the laws of Kirchhoff, Ohm and Faraday, is really the theory of 
idealised circuits having no "size", i.e., in which all significant 
dimensions are small compared with the appropriate wavelength. 
Although the components in the material arrangements have size and 
shape, with electrical and magnetic properties which involve the 
space around them, simple circuit theory reduces these complex pro= 
perties to those cf ideal resistances, inductances and capacitances, 
in circuits where there is no time delay between the application of 
an EMF at one point and the related voltage produced at another. 
A simple example is the tendency, in circuit theory, to consider 
only the components, or lumped constants, and to ignore the connece- 
tions which form, in low-frequency circuits, the greater portion of the 
path-length of a conplete network, The interactions between the currents 
in these connections, and the time taken for a wave to travel along them, 
are of major importance at high frequencies. 


The theory of circuits having “distributed constants* 
makes an attempt to widen the scope of the method of lumped constants, 
with considerable success, However, particularly at wery high 
frequencies, there are many problems to which it fails to provide a 
satisfactory answer, and it is often necessary to resort to the 
fundamental physics of electramagnetism, 


In this consideration of transmission lines, the transition 
from the theory of lumped constants to that of distributed constants 
will be preceded by a discussion of electromagnetic wave propagation 
formulated mainly in terms of the current in, and potential differ=- 
énces between, the conluctors which form the lines. The more funda- 
mental considerations of the behaviour of the electric and magnetic 
fields associated with such currents and voltages will be dealt with 
in Chap. 5. 


2, Transmission Lines 


In general terms, a Transmission Line is a device for guid-~ 
ing the flow of electromagnetic energy from one place, where it is 
available, to another, where it is to be utilised. The word Wave- 
guide has precisely the same significance, though it is usual to 
restrict the application of this term‘ systems embodying a single 
tubular conductor (or dielectric rod, in sase cases) and to use the term 
Transmission Line for systems using two conductors (or more). 


A uniform transmission line is one in which the electrical 
properties of the line (per unit length) do not wry throughout its 
length; i.e. it usually has a constant cross-section. None-uniform, 
or tapered, transmission lines are occasionally used, but their 
properties are not covered by this chapter, which is concerned solely 
with the behaviour of the uniform transmission line with two 
conductors, These conductors may be separate (parallel or twisted 
pair) or coaxial (concentric line}. The separation between the 
conductors must be small compare¢. with the wavelength. (see Seos, 7 


and 46 and Chap. 5, Sec. 12) 
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Typical transmission lines used in radar are shown in Pig. 
106. The electrical properties of the lines depend not only upon 
the size, shape and disposition of the conductors, but also upon 
the dielectric which maintains that disposition, and the extentto 
which the arrangement is constant, or varies with movement or 
change in atmospheric conditions, Where a uniform solid dielectric 
is used, with the wires embedded, as shown in Fig. 106(a), it is 
possible to maintain reasonably constant electrical properties by 
the exclusion of atmospheric variations and by the constant spacing 
which can thus be maintained between the conductors. The disadvan- 
tage of this type of cable is loss of energy in the imperfect di- 
electric. The other extreme is the open=wire feeder construction 
of Fig. 106(b). Here dielectric losses are low except at the 
spacers, which are cpt to cause serious trouble if they get very wet. 


TWIN SCREENING 
CONDUCTORS BRAID 


BALANCED PAIR EMBEDDED 


a) IN SOLID DIELECTRIC 


SOLID OUTER 
OIELECTRIC COATING 


Sho sacs <b) OPEN WIRE LINE 


v 
SPACERS 


COAXIAL WITH SPACING WASHERS 
(c) (NB There should be more than 


Sr washers per wavelength) 


TWISTED DIELECTRIC THREAD 


(d) COAXIAL WITH TWISTED DIELECTRIC SPACER 


QUTER CONDUCTOR 


{(@) LINE WITH MATCHED SPACERS 





FiLel0S - yvoical transmission lines used in radar. 


Their presence inevitably introduces non-uniformity, which makes the 
behaviour of the line more difficult to predict and thus less easy 
to control. This problem of suspension also applies to coaxial 
cables with mainly air dielectric where the inner must be maintained 
in a position fixed relative to the outer, Various arrangements 
are illustrated in Figs. 106(c), (a), (e), showing how attempts are 
mede to satisfy both requirements, uniformity and low losses. 
Particular arrangements which avoid the use of dielectric supports 
are described in Sec. 29. Losses due to induction and radiation, 
which may make open-wire lines unuseable as transmission systems at 
VHF, ig dealt with in Sec. 46. 


Under certain circumstances, waveguides are to be preferred 
to twin-conductor systems, as discussed in Chap, 5, Sec. 5. 


Although the primary function of a transmission line is to 
transmit energy, other applications arise, particularly with short 
lengths of line; ¢.g., reactive circuit elements, resonant circuits, 
and impedame-transforming devices. In these special applications, 
as with all reactors, it is the storage, rather than the *ransmission 
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of energy, which is more important. 


TRAVELLING WAVES ON UNIFORM LOSS-FREE TRANSMISSION LINES 
3. Application of Circuit Laws to Trangmission Lines 


For simplicity it will be assumed that in the ideal trans- 
mission lines about to be discussed there are no energy losses. 
Such conditions approximate to those encountered in the practical 
cables shown in Fig. 106, or in parallel lines in the form of broad 
metal ribbons, pictured in Fig. 107. Since the distributions of 
charge and electric and magnetic fields in the latter case are more 
simply represented, the diagrams which follow will apply to this 
crrangement. 


The evolution of a coaxial line from the ribbons is sugges- 
ted in Fig. 108, the ribbons being bent to form the inner and outer 
of a coaxial pair; the electric and magnetic fields associated with 
the current in the conductors are then confined to the space between 
them, as they would be, substantially, between the parallel plates 
in the original arrangement. 





SOS 


Fig. 107 ~ Parallel lines in Pig. 108 - Bending parallel plate 
form of broad metal ribbons. lines to form coaxial pair. 


It can be shown that electromagnetic waves may be propa= 
gated without distortion along such a transmiasion line with a 
velocity u where 


‘ 1 
us JEG, 9 Ly and Cy being the 


inductance and capacitance per unit length of the line, 





Moreover, at any portion of the wave, a change in potential 
difference between the conductors is always related to a change in 
the wave current flowing in +t+++44+ 


tpt 


the conductors by the re- genes ++ ete 


Jation (a) Hy HK eLeCrnIc 

Pm ” i 

— FF / i a ap aS a 

di G CHARGE §@ 0 

DENSITY &é 

A method of deriving 
these fundamental results (b) 
is given below. A 
Simpler approach is 
given in Section 11. 

















LINE 
LENGTH @ 


Fige 109 - Instantaneous charge 
distribution on a section of the lines 
of fig. 107. 


137 


Chap4, Sect. 3 


KH 
Derivation of Formulae 


Suppose there is at any instant a charge distribution on 
the line as illustrated in Fig. 109. This corresponds to the 
potential difference between the conductors shown in Fig. 110 and 
enlarged in Fig. 111, sinceVocQ. Considering the small section of 
the line of width 6f in Fig. 112(a), it is seen that there is a 
resultant potential difference in the circuit equal to dv (see Fig. 
112(b)). Since there are no other sources of EMF present, this 
must be due te the EMF induced by the changing current according to 
Faraday's law, 


* dv = -SL ot » where SL is the inductance of 


the small circuit. 








y 7 
| lj 
{ 
I 
_. 
it ye Line 
5 ee LENGTH ¢ 
be 
Fig. 110 < Instantaneous Fig. 111 ~ Enlarged diagram 
potential distribution corres- showing potential distribution 
ponding to fig. 109. of section 62. 
if Ly is the imdiuctame per unit length of the trans- 
mission line, 
SL = Lyd 
so that Sve ty 04 Sf 
ot 
i.e. * Oy _ aa 
aL atin! der Keb edibesewareacdscdscaeres(L)s 
Le sé 
There is thus (b) 
present at the sloping ; 
portion of the ‘pulse! Y i bev 
& current changing with (a) 
time, so that the pulse j 
cannot be stationary.  — " [¢sa7+ 
IfSi is the differeme (¢) EQUIVALENT CIRCUI 
in current between the eZ &i 
two cnds of ono + " | = 
(see Fig. 112(c)), yl oe oe 
eee 


Fig. d12 - Enlarged diagram of section 
of line of length 52 , with currents and 
voltages. 





* = indicates a change with length £ for t constant. 


2. indicates a change with time t for / constant. 


ot 
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been R Ie 
. dt (If the current increases 
the charge left on the 
- 2 a line decreases; hence 
at the = sign) 
avs 
=e 
Hence d4 = Cy ov Sec esic es eeimeee ene oe slog sinew el 2)s 


Q 
oo 


£ 


We shall now show that relations (1) and (2) are consistent 
with the pulse travelling without changing its shape, either to the 
right or to the left, with velocity dfs us: 1] > and such 


at 
that av = |e <s 
Cc 


From (1) we have:~ ov 2 =L,9 
OT MSE 
ai dé 
= |-35 -2] 
ai 
Yuly sy 


Similarly,from (2) we have:~ 24 4 |_ av, ag 
at €} ad at 


Bla as 
= Ulysse 


Combining these results, we obtain;~ 


as ca af ue andus + 1 ; 
7 t Layee 


The relative dispositions of voltages, currents, electric and 
magnetic fields and direction of propagation are illustrated in fig. 
113. _the potential difference Vis in. opposition to the electric 
Pieid s while the current i is related to H by ampére's rule, ¥. 

H and @ form ace eat ences Set of orthogonal vectors; i.e., 


gE H and U are always arranged at right angles to one 
another so that a positive (clockwise) rotation through a right angle 
about . will move z into the position of i + _,It follows that for 
two waves travelling in the same direction with E veotors alike, the 
EH vectors must also be alike, whilst if the ¥ vectors are in opposition 
so are the H” vectors, A reversal in one but not the other is possible 
only for a wave travelling in the opposite direction. Of two pulses, 
travelling in opposite directions along the same transmission lines, 
either the electric or the magnetic fields must be in the same direction, 
but both cannot be. 
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E 
H . H 
of 27 
u u u 
Mo oe 
H 
(a) (b) E «© 


(d) 


RELATIVE DIRECTIONS OF E.H.u. 


vf — +. U v4 ——U 
i i 
2 th ee 
(@) (f) 
1H OUT OF PAPER ———>"_ so 
a + tytte chefede H 
i Mele 
+ H INTO PAPER e |t|z[:]t-+u ef2f:f [ie 
4 VAT alatale 
4 prec iN ce 
: 
(9) ‘hy 
: 
+444 tae 
ttt+ cee 
Tee, * fh ek 
++++H seee H 
1 


! 
a) (p 
CORRESPONDENCE BETWEEN ‘¥V.i.E.H.uU 
SHOWING VARIOUS POSSIBLE DISPOSITIONS 


Fig. 113 ~ Spatial relations between v, 1, E, H, and 
u for a travelling wave. 


4. Interference 


When two pulses 
travelling in gposite direct« 
ions on a line encounter 
each other, the resultant 
distribution can be found by 
adding the voltages and 
currents of the component 
waves. It follows from 
the previous paragraph that 
wherever such pulses meet 
there will be a partial 
cancellation of the magne~ 
tic field and an enhance- 
ment of the electric, or 
vice versa, This is 
illustrated in Fig. 114. 
Although the resultant 
wave-pattern is said to 
be due to the Interference 
between the two waves, 
neither affects the other; 
so called interference is 
merely a special case of 





oo ee gacmyare 

> e ° 

implies that each wave FLOWING IN OPPOSITION TOU 

may be considered separate 

from the other, and the Fig. 114. - Interference between 
resultant effect obtained ‘two pulses of equal magnitude, 


by direct addition of 
currents, fields and volte 
ages. 


140 


Chap 4, Sect. 5 


5. Waves of Various Shapes 


A travelling wave on a transmission line may be of any 
shape, and, if the line is uniform and lossless, it will travel 
along the line without change of shape, at a uniform velocity 
independent of the shape of the wave. This follows from the results 
of Sec, 3 which are independent of the shape of the charge distri- 
bution (shown in Fig. 4) and hence the shape of the wave. Figs. 
115, 116, and 117 show the line and time-distribution of voltage or 
current for exponential, rectangular and sinusoidal waves. In each 
case (a) shows the variation with time of the voltage vg (or current, 
since the two are proportional) at the generator or sending end, 
whilst (b) shows the corresponding instantaneous distribution on the 
line at the instant t = to. A construction line shows how one 
diagram may be obtained from the other; {1 is the distance travelled 
in time (to - t ,) by the wave emitted from the generator at any 
instant t,;, so that 


i = u(te - tj). 
(a) ° 
VARIATION WITH | 


TIME AT THE 
GENERATOR 














© fy= u(ty-to) 
SS io 2 bo) 
oe €,- u(tz-ty) 
EAN $5 =U (ty ty) =O 


(b) 

VARIATION. WITH 

DISTANCE ALONG 
THE LINE AT t=t, 


Fige 115 - Variation of line voltage or current 
for an exponential wave. 


Similar equations hold for the particular cases) =f, anif, =o, 
corresponding to t, and to respectively, 


(a) Vs 
VARIATION WITH 
TIME AT THE 
GENERATOR 


vy V; 
‘ : Veet t Figs 116 = Variation of 
oe ‘ i line voltage or current for 
' a rectangular wave. 
\ ! t 






VARIATION WITH 

DISTANCE ALONG 

THE LINE AT 
t=te 
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If the line is an infinite one the impedance which it 
presents to the generator (Input impedance, Chap. 3) is constant and 
independent of the type of wave, If finite » but properly terminated, 
the line appears to the generator to be an infinite line, and behaves 
as such, If the line is improperly terminated, reflections occur 
from the end, and interferences between the direct wave and reflected 
wave causes & change in the input conditions. The nature and extent 
ef these changes will be considered in Seca 8 = 16, 


(ay Vs 
VARIATION WITH 
TIME AT THE 
GENERATOR vty 


to 


Fige 117 ~ Variation 

of line voltage or 

ee current for a simsoidal 
Vite) = te sin (wtp 222 Waves 








see ete ee 


(b) 
VARIATION WITH 
DISTANCE ALONG 
THE LINE AT t= to 


awe ~~ J 


6,.. Sinusoidal Waves 


In the particular case of the sinusoidal wave of Fig. 127, 
three conditions characteristic of travelling waves are particularly 
noteworthy:= 


(i) The amplitude of the voltage variations is the same for 
all points of the line, and similarly for the current variations, 


This is obvious from preceding paragraphs. 


(ii) The variation of phase with distance is given by the 
relation:= 


B= f= anf for both voltage and current. 
A 
#,is the phase at the sending end. 


This follows if we define the wavelength, \, as the len= 
gth of the line over which the phase variation at any instant is 2n, 
Since the phase at the generator varies uniformly with time, and the 


- distance travelled is proportional to time » the phase varies uniformly 
with the distance along the line. 


(iii) The input impedance of the line to an applied sinusoidal 
Emp is the characteristic impedance Ju . 
& 
We have shown that, for a wave travelling along a uniform loss= 
free line, at any point the ratio of change in voltage to change in 
current is constant and equal to Je : this implies that the voltage 


and current are in phase, i.e. that the impedance is a pure resistance 
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of value /Ly. ‘This impedance is called the Characteristic (or 
Cy 


Surge) Impedance of the line, and is denoted by Ro. (The recipr= 
ocal of Ro, Go, is the characteristic admittance. The character= 
istic impedance is purely resistive only for tne case of a distor 
tionless line (see Sec. 19), In the general case of a line which 
is not loss-free the characteristic impedance and admittance are 
complex, end are denoted by zo and yo respectively.) 


7. Electromagnetic Waves on Transmission Lines 


The typas of waves which have so far been considered do not 
cover all the mdies in which electromagnetic energy may be propagated 
along transmission lines. Such médes may be grouped into two main 
classes;<- 


Principal Modes, 


Swplementary Modes. 


Principal Modes 


These are the progressive waves normally used in transmission 
lines, and those which have been described in Secs. 3 - 6 belong to 
this category. The notable features of these waves, when the trans- 
mission lines are perfectly conducting, are the following:- 


(i) They are propagated at the speed of electromagnetic 
plane waves in an unbounded medium. This speed u 
is given by:- 


us Ce 

Tea 

Where c = 3x 108 m per second, and K and p are resp~ 
ectively the dielectric constant and magnetic permea~ 
bility of the dielectric that fills the space between 
the conductors. It is independent of frequency. 


(ii) They are transverse electromagnetic waves; that is, the 
vibrations of E and H take place everywhere in planes 
(the wave fronts) at right angles to the direction of 
propagation (along the axes of the lines); also E and 
H vibrate in phase, 


(iii) The electric field E and magnetic field H are everywhere 
at right angles in the field pattern, 


(iv) The ratio of the field strengths E and H is the same at 
all points, Thus in the MES system of units. 


E on SAY E in volts per metre) 
x = [YE Ohms i in ampéres per metre) 


(v) At a cross-section where the potential difference between 
the conductors is v a skin current i flows (at high 
frequencies) in the surface of one conductor and an equal 
and opposite current in the surface of the other, When 
a single sinusoidal wave train passes any cross-secti 
the potential v and the current i oscillate in phase and 
their ratio v/i remains constant and the same at all 
times for all cross-sections. This ratio which is 
fixed by the geometry of the system and the dielectric 
constant of theseparating medium ds an important property 
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of the particular transmission line system, It is 

called the Characteristic Impedance of the system and 

is usually denoted by the symbol zoe 

‘faus, af v and i are complex numbers representing the 

voltape and current at any section of the line, then 
V= Zoie 


Supplementary Modes 


Other modes of propagation, each with its own field pattern, 
ean be propagated along a transmission line, in addition to the 
usual principal mode. In these supplementary modes the clectro= 
magnetic field, as in wave guides, possesses either a component of 
E (E-modes) or of H (H-modes) parallel to the direction of propaga~ 
tion. These modes, like the waves in waveguides, exhibit the 
phenomenon of cut-off. For each there is a cut-off frequency which 
is determined by the geometry of the transmission line system, In 
normal practice the spacing of the transmission lines is small in 
comparison with the wavelength and She supplementary modes can 
appear only as Evanescent diaturbances, as described in Chap. 5, 
Sec, 12, 


At & geometrical discontinuity in the transmission line 
system such as a sharp bend or a shunting load, the electromagnetic 
field assumes a complicated form and in general possesses longitud= 
ina] as-well as transverse components, It cannot therefore be 
represented by principal waves alone, Thus, supplenentary modes 
also are excited at the discontinuity. In practice all supplemen~ 
tary modes will be evanescent and at a sufficient distance from the 
discontinuity their field anplitudes becom negligible compared with 
those of the principal waves. 


Evanescent modes earry ne power along the transmission lines 
and their E and H fields are storaze fields similar to those of a 
condenser or an inductance. The storage field excited by a dis~- 
continuity does in fact contribute an effective shunting reactance to 
the transmission line at the discontinuity. A consequence of this 
reactive behaviour of evanescent modes is that the effective value 
of the impedance sy of a cireult component, such as a resistor, when 
added in shunt across the line may be quite different. fram its 
nominal value zy, that would be anticipated from ita electrical 
behaviour at low frequencies, 


The presence of evanescent modes begins to be important at 
wavelengths of lg metres and is very important at wavelengths of 10 
centimetres and less. At wavelengths greater than a few metres the * 
effect of the storage fields of the svanescent modes exited at dis=- 
continuities may be neglected, 


The usual theory of transmission lines is the theory of the 
principal wave and ignores the behaviour of supplementary modes. 
From what has preceded it is apparent why the stendard treatment is 
adequate when the wavelength exceeds a few metres but gives an 
incomplete description of transmission line phenomena at -avelengths 
less than 15 metres, 


UNIFORM LOSS=FREE LINES: REFLECTION AT THE TERMINATION, AND ITS EFFECTS 
8, ‘ Reflection of a Rectangular Wave 


We shall assuse that the line has a characteristic impedance. 
which is purely resistive and of value Ro, independent of frequency, 
and that the electromgnetic disturbances considered are propage.ted 
without distortion along tne line with uniform velocity u. 
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A DC generator whose output resistence is Rp, is connected 
to a section of uniform line 
of length? , terminated in Ry 
which is not necessarily equal 
to Roe The circuit is shown S 
in Fig, 118(a). Initially (a) 
the line is uncharged, and 
the current everywhere is 
zero, AS the switchS is 
closed, a wave begins to ul 


travel from the sending to | 
the receiving end of the -~«—_——_—— € 
UNCHARGED LINE: S OPEN 


dine. Current flows in 
both conductors as illustr- 
ated in Fig. 118(b) and Se te tt I 
the line becomes progress-. (b) 

ively charged. Ro 


Rr 


If the opencircuit vA 
EMF of the generator is Vo o 
volts, the voltage Vy 
which is impressed on the SSEEGSED 
line is Vo , ami the Fige 118 - Application of a rect= 

Zz angular wave to a transmission line, 


current Iy which flows in 

the travelling wave is 
Vs = Vo , : 
Ro 2R, 


L The suffixes + and =~ refer to the waves travelling away from 
and towards the generator respectively. The suffixes r and s refer 
to the receiving and sending end respectively. 


When the wave front reaches the receiving end current begins 
to flow through the load, and a potential difference is set up across 
the load resistance Rp If RE, = Ro, the energy of the wave is 

completely absorbed in the termination, and the same conditions 

obtain on the line as if it were part of an infinite line. The 
energy absorbed by the load must be supplied by a load voltage Vy 
and current Ty satisfying the relation 


and if i, which equals Ro, is not equal to R,, such conditions cannot 
be maintained without some energy from the direct wave being "rejected" 
by the load. A wave is then reflected back towards the sending end 
as if the termination behaved partly as an absorber of energy and 
partly as a new generator, If Rr > Ro, the voltage developed across 
the load is greater than V+, whilst if Rr < Ro, the current through 
the load is greater than I+, In both cases the resultant load volt- 
age and current must arrange themselves in the ratio 


V, 
ty ™ Br: 


It is convenient to represent the line as consisting of an 
upper and a lower conductor having a sending end on the left and a 
receiving end on the right, and to adopt the following sign conven= 
tions;= 


(i) for a wave travelling away from the sending end (direct wave) 


voltage is measured positively from the lower to the 
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upper conductor; conventional current is measured 
positively to the right in the upper conductor, and 
to the left in the lower comiuctor. 


(ii) for a wave travelling towards the sending end (reflected 
Wave 


voltage is measured as before, positively from the lower 
to the upper conductor; conventional current is measur 
ed positively to the left in the upper and to the 

right in the lower conductor, 


9. Coefficient of Reflection 


Suppose a fraction p 
of the sending weve of Sec.8 


is reflected, so that the Ro 

resultant ee voltage is 

Vy + pVy (the charge density ,, _ LOAD 

of the reflected wave being a C) hy, 22= IMPEDANCE 


p times that of the direct 
wave). Since the ratio of 
voltage to current in any 


wave transmitted by the line S t 
is Ro, the magnitude of the Fiesty. = Seetvad ent civouths. 
current in the reflected 


wave isp Ve =p I,e 
Ro 


Thus Vp = Vi + Ve and Ig eI,- Pi, the current of the 
reflected wave being in opposition to that of the direct wave, 


Herne Vy zs Ve (1 +p) 





Ty I, (1-e) 
i.e R,.= &, 
r °O G28 = 
i.e. p= Se Fe... 
Ry + Ro 


is called tne Coefficient of Reflection, Its magnitude 
varies between +1 (for Ry = @) and <1 (for R, = 0); and it is zero 
when Ry = Rg (The case where p is complex is dealt with briefly 
in Sec. 13). 


It is sometimes convenient to use the equivalent circuit shown in 
Fig. 119 for deriving the voltage am current produced at the load by 
@ wave which travels to, and is partly reflected fran, the termination. 
The equivalent generator voltage 2(v4), is twice the instantaneous 
value of the voltage of the direct wave measured at the receiving end. 
This circuit is valid for any type of weve and is particularly useful 
in transient problems where the nature of the direct wave is known, 
since it gives the load voltage and current directly without the 
resultant line voltage having to be determined first. 
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(b) EFLECTED 


Ri 
=— CURRENT STEP 





eq 
Be é Fige 120 ~ Current snd 
(e) woltage distribution on 
t% ar (Ire) Pe the line of fig. 118 at 
See aad various intervals after 


¢ closure of switch S 


(Dean for R,, > Ry). 
(e) 
to V+ £ 
° 
(ft) 
t= at 
Ri, 


10. 4 a t 


The voltage and current distribution on the line of Fig. 118 
at various intervals after the closure of the switch S are shown in 
Fig. 120. The conditions at the input terminals are shown plotted 
against time in Figs. 12] and 122, It should be noted that since 
the generator output impedane is Rp, the conditions at the load 
after time T, and at the generator after time 2f are the same as if 
the line were a “short-oircuit", in series with Rp. If the generator 
output impedance were other than Ro, further diminishing reflections 
would occur alternately at both ends and would persist until the 
steady condition were reached corresponding, as before, to the 
solution which would be obtained by simple direct-current -theory. 


(a) 
2T 


i 


Vg VOLTAGE AT SENDING 
END OF LINE 


Vt)----- 


(b) 


(+0v+ = Er 
t 


1, [CURRENT AT SENDING Is 
S'END OF LINE” 
— = M Se 
1t}~-- UOiag iE () } (-d1+ 285, 
t 
i 


t ° T 


Ne 


Aten a 


(b)  V4E--7 
| - 
t 


Qo T 2T 


Pig, 122 ~ Conditions at input 
terminals of line shown in 
fig. 118, drawn for B,< R, 

( p is negative). 
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For practical purposes, except in cases of severe mismatching, 
the steady state is reached to a sufficient degree of approximation 
after a few transits of the line, 


ll. Deduction of Line Characteristics 


The fundamental characteristic properties of a- uniform loss- 
less transmission line have been deduced in Sec. 3. An alternative 
derivation, based on energy considerations, is given below, We 
assume certain properties,already demonstrated, namely, that the line 
is distortionless and has a characteristic impedance which is a pure 
resistance; also that the wave of Pigs. 118 - 122 takes a finite 
time to travel along the line, 30 that the conditions at the sending 
end remain constant from the closure of the switch until at least 
+ = 2T, when the front of the reflected wave, if any, returns. Thus, 
whether the line is short-circuited or open-circuited, or has any 
other termination, cannot be known at the generator until t = 2f, 


If the total line capacitance is C, and the total inductance 
L, the following relationships obtain for a :«nerator of internal 
resistance Ro 


At the end of time t = 2T the conditions are:- 
Short-circuited line 


Ig = 20,, Vg = 0, so that there is no energy stored in the 
electric field, The energy stored in the magnetic Pield is 


B29? 
= are 


Open~circuited Line 


Vs = 2V., Ig = 0, so that there is no energy stored in the 
magnetic field.* The energy stored in the electric field is 


3 c (2V,)2 


2 
=z 20Vy 
in both cases the energy supplied by the generator is Vy, 1,. 27. 
Hence 2V, 1, T.2 2u1,2 = 20 v,? 
ie. Wen bow Bi 
rzr” & 


Therefore'T? = 10 so that T = /IC 3 
andk, = Ve = /L . 
| v4 
If the length of the line is 4 metres:- 
he = Ly is the inductance per unit Length; 


a. C, is the capacitance per unit length. 
t d 
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Then T = /10 = fly Loy 
al fie Ce * 


Therefore the velocity ‘of propagation la wu = Ll 
2 


= 2. 


Jig ey 
Also Ro “fi a 


12. Discharge of Open=circuited Line 


a 





In the arrangement shown in Fig. 123 a section of uniform 
lossefree cable has been charged, so 
that there is a potential difference Ss 
of Vo volts between the conductors, ++ + +e teeter + 
which are not connected at either 
end, The awitch S is closed at CHARACTERISTIC 
+ = 0 and the line begins to dis» Vo RESISTANCE = Ro 
charge through the load resistance 
Bp 8 OR ES SSS 


fhe drop of voltage Sai ee eeeeee 


(Vo ~ Vy) at the end which is 
P Fig. 123 ~ Discharge of open- 
suddentiy terminated in Ry may ted line. 


be regarded as a rectangular 
voltage wave travelling away from 
Ry ,as shown in Fig. 124 (ay and (b). 


Re 





When this wave reaches the open circuit after time T, the 
entire line has been discharged to a new level Vz. At this 
instant total reflection occurs and a second voltage wave, also of 
magnitude (Vg ~ Vi), begins to travel from the open circuit towards 
Ry (Fig. 12h(b) and (oc). This wave will reach Ry in time T after 
its inception, i.e. in time 2f from the closure of the switch, 

Prior to thia time the load Ry must remain insensitive to any ref= 
lection effects, 


(a) I (b) 
Vv 


uals FRONT 
Dot i ewe fees Vv, 
vy 1 
~V, one a 
(oi) DISTANCE DISTANCE 
° @ FROM S 


° ¢@ FROM S 
BEFORE REFLECTION OCCURS 


(d) 


Vo WAVE FROST 





DISTANCE 


__ DISTANCE 
FROM § 


° @ FROM S 





AFTER REFLECTION OCCURS 


Fig. 124 ~ Line distribution of voltage and 
current before and after reflection cocurs. 
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The voltage developed across the load is initially V3 it 
remains at this level for an interval 20, and then changes to Vo. 
We shall consider the relative magnitudes of Vo, Vy, Vo etc., in 
relation to Ro and Ry « 


Initially, the line acts a generator of Ef Vp and output 
resistance Ro; thus the voltage developed across the load is 
given by:- 


Vi = Vo R r4 ° 


Ro + Ry 
A negative voltage wave of megnitude V,,_ Ro travels along 


Bog + Ry 
the line towards the open circuit, ‘his is reflected from the 
open circuit, leaving the line voltage 


Vo ‘ee 2 Vo Rg es ¥ (Ry - Bo) 
Ro + Ry Oo Rpt R, 


= PV>,Where p is the reflection 
coefficient for the load Ry» ‘The line current is then zero. 
Immediately after the first period 21 the conditions are the same 
as at the closure of the switch, except that the line is charged to 
a voltage PV, instead of Voe The whole process is repeated, with 
Vo =p Vz, and after time Af the line voltage is reduced everywhere 
to pe Vo and a third voltage step p "Vy begins to appear across the 
load, 











(a) vp 
Vy 
Fige 125 - Voltage 
ey, vy developed across load 
ReRg 0 ev 
(@ POSITIVE) aT Sar eT ~t with (a) P positive 
b) Vp (1) p negative. 
" éy, 
Re<Ro og er 
(NEGATIVE) EC? t 
@ Te 
t= 
RotRy 
Fig. 126 - Current I a 
through load with (a ape bs a fh 
positive and (b) (@ POSITIVE) © Se Ps ts —t 
p negative. le 
{b) I 2 
Re<R, D at 
@ NEGATIVE) ° reo t 


The sequence is pictured in Figs. 125 and 126. In each 
figure (a) refers to the case where Ry > Ro and (b) refers to the 
case where Ry < R,- ‘The decay in the energy stored in the line 
(Fig. 127) is quasi-exponential, similar to the decay of energy in a 
discharging condenser, except that the process is stepped in the former 
case and smooth in the latter. If =O ise. if Re = Rg, the 
line is completely discharged after 2f secs, 
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EXPONENTIAL CUPVE 
ae Fige 127 = Power 
n TOTAL AREA UNDER P-CU 
~ NE mys dissipated in load. 


e) 












oO + 
aT 4T 6T 
P = POWER DISSIPATED IN LOAD 


13. Reflection of Sine Waves 


The instantaneous conditions of reflection at the receiving 
end of the line are exactly the same for a sinusoidal as for a 
constant voltage wave, but the pattern of the interference between 
the direct and reflected waves is more canplicated because of the 
sinusoidal variations. These two sine waves, travelling in opposite 
directions, interact as illustrated in Fig. 128. 


(The suffix + is used to indicate thedirect, and ~, the 
reflected wave.) Thus v and i, the resultant voltage and current 
at any paint on the line are given by;=- 


vs Wt VL; ios i,p-i. 
At the termination, (v.), =p(¥,), 
ani (in), =P (4), - 


The phase of v, at a distance £ fran the termination, is 
advanced on that of (v,). by _2m¢ radians; whilst the phase of v., 
n 


at the same point, is delayed on that of (v_), by the same amount. 


(It is comonly found thatthese statements are not readily 
appreciated, What should be clear is that the wave which has 
travelled farther must be more "stale", since it issued from the 
generator earlier, The later it issues from the generator, the more 


recent the phase.) 








DISTRIBUTION AT DISTRIBUTION ONE QUARTER 
SELECTED INSTANT CYCLE LATER ‘ 
INSTANTANEOUS INSTANTANEOUS 
VOLTAGES VOLTAGES 
i Vit = tem 
Voe rene 
fe re 
(a) i A ii 
i SW 1 aS 
ie, op gh LINE 
Of} 1 LENGTH 
f ‘4 / ,\ 4 
" , Nf Mids 
\ oy a 
V7 \ 7 
VV a 
v= (V4)+(V-) v=(Vb+(v-) 
A 
(b) (d) 
° ° 
RESULTANT OF WAVES AT (a) RESULTANT OF WAVES AT (c) 


Fig. 128 - Interfereme between direct ani reflected 
simuscidal waves. 
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if the terminating impedance is not a pure resistance there 
will be a phase difference between (v,), and (v_),; indher words, 
P Will be complex, In this case 


p = (vo) and Ipl= (Wp s ka 
(ve). (7), vy # 


since the amplitudes of the direct and reflected waves are the same 
at all other points as at the termination, the line being loss-free, 


The phase difference between v, and v.. will in any case vary 
with { , the distance from the receiving end, and will increase by 
2m as / increases by A. As? is varied there will be found 

2 


points at A intervals at which v, and v_ are always anti-phase, and 
2 


others midway between themat which they are always in phase. The 
former points are called voltage nodes, and the peak value of the 
voltage at these points BY - ¥. = ¥, (1- pt ). 


The intemediate points are ealled voltage antinodes and the 
peak voltage there ia Y%+ V. = ¥, (1+ ipl )- 


It may be shown that voltage nodes are current antinodes, ad 
vice versa, At a cyrrent node, the peak value is i, (l- lel ) 
and at an antinode, i, (1+ lp ). 

The ratio maximum peak value for either current or voltage 

minimum peak value 
is called the Standing Wave Ratio (SWR). For a loss-free line, the 
SWR is given by:=- 


”» 
- 1 = |p] oe 


4> 
<>] a> 


ee? 


This definition will be generalised later to include lossy 
lines, where there is a SWR for each point of the line (Sec. 24). 


Ata voltage antinode, 
$= % (1+ lpi ) ona t= 2, (ae - ipl). 


&t such a point the magnituile of the impedance is a maximun 
given by:- 
v 
+ 1+ (él 
a le " 


A 
Z 





Ss. 


Hence S = 


PI - “n° 


e 


Similarly it may be shown that, at a voltage_node, the.magni- 
tude of the impedance is a minimum Z and that 5 = = ° 


At all nodes and antinodes the impedance is purely resistive. 
Fig. 128 shows how, in the region of interference, the three propert- 
ies which were found to hold for travelling waves (Sec, 6), are 
changed fundamentally to become:= 
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(i) The amplitude of both voltage and current varies from 
point to point on the line. 


(ii) The variation of phase with distances is, in general, 
much more complicated that for travelling waves. 


(iii) The input impedance of the line depends on both the line 
length and the termination, 


It is useful to consider the particular cases of open-circuited 
and short-circuited lines. It should be noted that the direct wave 
may always be divided into two parts, one given by (1 -  )v, and the 
other bypv,.- The second part is identical with the reflected wave 
except in airection of propagation, and the interaction between them 
is the same as that which follows reflection at an open circuit. 

Hence the composite wave my be split into a travelling wave (1 -)v, 
and what is called a Standing Wave, of amplitude 2 Ip! ¥., as will be 
shown in subsequent sections. Energy is transmitted by the travell~ 
ing wave only, the standing wave storing, and not transmitting, energy. 


When the amplitudes of reflected and direct waves are equal 
(p=+1) the standing wave prodwed is sometimes called a Complete 
Standing Wave, In such a case the voltage and current falls to 
zero at the respective nodes. Otherwise the distribution my be 
termed a Partial Standing Wave. 


14. Standing Waves on a Uniform OpenCircuited Loss=-free Line 


The line distribution of the steady voltage and current at 
successive intervals is shown in Pig. 129 for a wmiform loss-less 
line teftminated in an open circuit. Direct and reflected waves 
are shown, together with the resultant voltage and current distrib= 
utions, It will be seen that at even multiples of 4/4, (multiples 
of A) from the termination, the amplitude of the current is zero 

2 


and that of the witage is 2 Tee Similarly at odd multiples of A 
4 


from the termination, the yoltage is always zero and the maximum 
value of the current is 23,. The voltagesat all points between 
two consecutive voltage nodes are in phase, and are antiphase with 
those of the adjoining half-wevelength sections. Atany point 
the current anl voltage are in quadrature. 


fhe relation between voltage and current at any point on the 
line may be determined from the vector diagrams of Fig. 130. The 
phese of (v,), is taken as the standard phase, and this lags the 
phase of vy, a distance { from the open circuit, by a phase angle 
( radians where 9 = 2nf, Similerly, (v.),; leads v. by the same 
EY 


phase angle. 


For 0 <{< A, the phase ofthe resultant current is shown 
4 
in the figure (b) to lead that of the voltage in quadrature, i.e., 
the short section behaves, in the steady state, like a purse capact=- 
ance, Ce, (the equivalent capacitance), 
where 1, -~x=2xR cot f, 
WCe - 


FPor\ < £ < A, w leads i in quadrature (c),so that the line 
4 2 
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"looks like a pure inductance Lg wherewL, = X = = Ry cot G 
=Rotan($-m). 

For larger values of f the effective capacitance and induct=- 
ance repeat for every additional quarier-wavelength of the line. 


The input reactance is given for all values of f by the 
equation X =~R, cot f. Its variation with ¢ is shown in Fig. 131. 
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suscessive intervals for uni- Page oe i, Lo iesebaarrsasaar en 
form open~cirouited loss-free ae se capt o 
line (steady state). 
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15. Standing Waves on a Uniform Short-Circuited Loss-Free Line 


The conditions maintained at a short circuit, vig: v, = 0, 
= 1, are the same as those which arise on an open-circui fea line 
at a voltage node, i.e., at odd multiples’ of A fromthe open circuit. 
& 


Since the standing wave distribution for the open-circuit case has 
already been established, it is convenient to deduce that for the 
short-circuit case by omitting from the former diagrams the last 
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Fig. 132 =- Iine distribution of 
voltage and current at 
successive intervals for uniform 
short-circuited loss~free line 


steady state). 
( ) Fig. 13) - Variation of input 


reactance of a short-circuited line 
with line~lLength. 
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The line distribution thus obtained is shown in Fig. 132,and 
Pig. 133 gives the vector diagrams showing the relation between 
voltage and current at the sending end of various lehgths of line 
in the steady state. Fig. 134 gives the variation of input reactance 
with line length. 


Analytically, it will be seen that the two sets of diagrams 
for the open-circurt and short-circuit cases are mutually inter- 
changeable by substituting voltage in one for current in the other, 
and vice versa. 


It follows that the input susceptance of a short-circuited 
line of length / is B = =-1 cot ~ , so that the input reactance is 


Ro 
X =Ry tan @ , as shown in Fig, 134. 


16. Input Impedance of a Uniform Loss~Free Line for any Termination 


For a line of length f and characteristic impedance Ro, term 
inated in zy, it may be shown that the input impedance is:- 


2né 
tg = Ro, By + JRp tan = 


Ro + jz, tan 27¢ ; 
A 
If 2, is a pure reactance, 30 is Zge 
If zy = Ro, 2g = Ro, as has already been shown, 


If zy is a pure resistance other than Ry, or is partly reactive, 
then zg is in general neither a pure resistance nor a pure reactance, 


If zy is a pure resistance equal to Ry, the input impedance 
is resistive at all multiples of A from the receiving end; the corres~ 
he 


ponding values of zg are Rr at miltiples of A from the termination, 
R 2 


and — at odd multiples of A, For all other lengths of line the 
r he ; 


mare cade of the impedance lies between these two limits, Ry and 
R 
—2. 


Ry * 
On a losg-free line the input impedance is always resistive 


at nodes and antinodes, and alternate values have a geometric mean Roe 
Also, at intermediate 4/4 points the magnitude of the impedance is Kge 


FUNDAMENTAL LINE CHARACTERISTICS 


17. Distributed Elements for a 
Loss-Free Line 


We have shown in Secs. be B 
3 to 6 that if a line is tea lee 
capable of transmitting an a aie aca 
electromagnetic wave without 
less, it presents a resistive Cede 
impedance to a generatur 
connected to it. The veloc~ ~~~ sees 
ity of propagation is ‘ef Less 

us i and the value be 

Ly Cp 
of the characteristic resis- Fige 135 - Representation of uniform 
tance is [Lp where Lp and lossless transmission line as an 

Gj : equivalent ladder of infinitesimal 
filter sections. 
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Cy are the values of the inductance and capacitance, per unit length, 
respectively. These results, when compared with those of Chap. 3, 
Sec. 10, suggest that a line may be represented by an equivalent 
arrangement of low-pass filter sections in cascade, each section 
being infinitesimally amall. This conception is illustrated in Fig. 
135. Each section represents a length &¢ of the line. Using the 
results of Chapter 3, Section 10, we have:= 


fs 2 »andzgez cos &8 
: n&L SE y Cy af 2 


where sin 68 =f ; 58 being the phase shift for 
2 «6 
o 
the section. 


as &1 =» QO, i, > @, &8 0, Bin $8 -~ 0 and cos $8 =» 1, 


From these results the characteristic properties of trans= 
mission lines may be obtained as follows. 


Characteristic impedance 


Zo = £7 » & pure resistance, (Ry). 


Attenuation 


Since fg =* 00 as af ~» O, the cut-off frequency is infinite 
and there is no attenuation, but signals at all frequencies are trans=- 
mitted equally well. 


Phase distribution and velocity 


Assuming that the phase delay 5p is due to a time delay St, 
we may determine oe and df ; i.e, the variation of phase with 
£ , 


mes 

dt 
distance along the line at any instant, and the velocity WU with 
which any point of the wave, at wnich the phase is constant, moves 


along the line. 
From the above relations, it follows that 
88 Se = ont VijC, = -wVSLjCy ; the negative sign indic- 


ates that there is a lag in phase as the distance from the generator 
is increased. 


It may be shown that, in the limit, as 6f -» 0, 
QB = -w/LyCp ; 
ao. pe 3 


i.e., at any instant the change of phase along a given length 
of the line is constant and proportional to the length. 


In particular, if the change in ®B is 27 radians the line 
length over which this occurs is defined as A , the wavelength, and 
is given by:- 


A = 2m = 1 


w/Ey Cy eJtg Cy” 
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u, the phase velocity is given by:- 


ag 
us af = - 88 = B= - _o = ia, 


It follows that XN =u; i.e. A is the distame travelled 
Fi 


by the wavefront in the time occupied by one cycle at the generator. 


Propagation constant 


Since there is no change in amplituile but a phase delay 
pee om oR = 2n per unit length, the propagation constant 


ad x 
for a length f of the line may be written 


= j6 =jpple jane, 
77 38 = IPS jam 


jus 
If vg = ¥ eo at the generator, the voltage at a point 
distant ¢ from the generator is given by:- 


and : ~ ane 
vawF ™ 2 gic 4 (wt ax). 


18. Distributed Elements for a Lossy Line 


In general it is impossible to ignore the effect of resist- 
ance of the conductors and leakage through the dielectric, and these 
modify the line characteristics. 


Pig. 136 shows the 

modifications necessary 

to introduwe these = |. |.  . ,.. Aan ne 
quantities into the in 


infinitesimal section 
of Fig. 135. Cyse Ge Se 

Avalysis of es 9 be S82 oo 
such a section shows ae ca 


that, on re to 

the limit as “> 0, Repres i 

the characteristic Fee eteeies tas ces a paleat 
impedance gp, and the Ladd infinitesimal " 

propagation constant i ae Oe: — Sees 
for a line of length ‘f, 

are given by:=- 


Zg = R,+ july ; y= & Vay + Joly) (Ep +30 Gp) . 
Gy + Jwcy 


We my writey= wt, where vv is the propagation constant per unit 
length; whence we have that 


m= Sy + july )(G + jw) 
= age Jp where ay is the loss 


(in nepers) per mit length, and By the phase shift (in radians) 
per unit length. 
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Since ay is not in general constant, and fy is not pro- 
portional to frequency, amplitude and phage distortion occur; and 
unless sinusoidal, the shape of a wave changes as it travels along 
the line. 


Since Op is not zero, there is attenuation as well as phase 
shift, energy being dissipated in the conductors (because of Ry ) 
and in the dielectric (because of Gy ) as the wave progresses, 


19. Characteristic Impedance 


= /Ry + dol e 
= G, + jut 


In general, this is complex, In the particular cas¢, where 
hz » Re» the line is distortionless and z, is a pure resistance 
G v 


C rf 
oe magnit ude [ly 3 bub this is not a case commonly encountered in 
c 


4 
radar. Since line losses are wasteful, eyery effort is made to 
reduce them to a minimwa. In particular, matching devices become 
inefficient unless constructed of lines with very low losses. 


It may be shown that for open-wire feeders in which conduct- 
ors each of redius r are spaced with their centres a distance d 
apart, the characteristic impedame is:~ 


Ro a5 276-log,, 4 BOT sikies ocs'ceweecieese cee l)e 


The corresponding formula for low-loss coaxial cables is 


r2 
Bo = 138 legs 9 Ty C0 ede seoseecsseedecseda(2)'s 


where ro is the intermal radius of the outer, ana rm the radius of 
the inner conductor. 
Ro(CHMS) 


(a) | (b) 
600 + 300 






(Q) Ro = 276 LOG 


d 

T 

= iF 

400 +200 (Db) Ro = 138 LOGIo Z 


200 7100 





(LOG SCALE) 





4 
t 2 5 re) 100 (b) # 
Fig. 137 - Variation of R, with frequengy for (a) open wire 
lines, (A> 1r), (») coaxial cables. 
Phese forumlae neglect losses, and the former is an approx- 
imation which assumes that d >> r. They are illustrated in Fig. 137. 


_ If in the open wire feeder r is comparable with d the exact 
formule Ry = 120 cosh ~1(4/2r) must be used, This is illustrated in 


Fig. 138. 
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Ro (OHMS) 


700 4 


Ro= 20 cost’ onms 
600 4 


300 4 
200 4 


i005 





d 
sr (LOG SCALE) 





° t ot 


Tr Tr 
2 > 4 5678910 20 30 40 5060708090100 


Fig. 138 - Exact relation between R, ani d/r for épen- 
wire lines formed of trin cyliniers, 


For condustors embedded in a non-mgnetic material of di- 
electric constant K, the formulae become:= 


= 2 ad OPO CHOOHE CEH HO COOH EHO O SOLED 


2 138 Z2 SSeeeeeresseseeteeseversseoorsd 2a 
ant RQ oT 2 - (2a) 


20. Propagation Gons tant 
1? = Jy + ‘dwl, GE; + Jwc, = ape Spe 


In the particular case of ‘the distortionless line, mentioned 
in Seo. 19, ay =/R Gf and fy =0/lyGy » and these satisfy the 
conditions for distortionless transmission; viz: attenuation indep- 
endent of frequency and phase shift proportional to frequency. This 
ensures that for a wave of any shape the sinusidal components of 
various frequencies are all delayed. in transit along the line by the 
same delay time T = _§ , since Jf (Compare Chap.3, Sec.15). 

ant 


In the general case, for a wave travelling on an infinite or 
properly terminated line, the current i at any point may be given in 
terms of the current ig atthe sending end, by the equation;:~ 


-(0 app 4 
gees Bp ) 


e 
a 


a , dub 
If ig = i, € 
P ~ af 23@% - pe) 


? 


then, is ig 


The voltage is obtained from the relation 


vs i.z, . 
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The instantaneous values of current and voltage may be 
written 
~ayl 
a, egos (ut = Byf) 
and 


“A 


vz € Poe cos (ot ~ By +f), 


where Ts 7 
* - * 25 (the magnitude of the impedance) and J, is the 
8 


phase angle of the characteristic impedance. 
The velocity of propagation is given by:~- 


vue OS @= il 
Pe viy Cy 


. For air-spaced conductors, the value of c = i may be 


taken as 3.108 metres per second. Since Cy 0c K, the Velocity of 
propagation u along transmission lines using & non-magnetic di- 
electric of constant K is given by;- 


uz 20° 


The factor os is called the velocity constant and is the ratio 
u Ko: 

, where wu is the velocity in the feeder concerned and c the velocity 
if the dielectric were replaced by air (or, strictly, vacuum). 


21. Vectorial Representation 


Fig. 139 shows the difference between the transmission of 
sinusoidal waves along lossy and losa-free linea, current vectors only 
being drawn. 


For the less-free line, v and are in phase, and both trace 
out circles. For the lossy line, there is im general a phase differ- 
“ence J, between Vv and ZT; and they trace out similar equiangular 
spirals. 


The curves for the loss-free line should be compared with 
the vectorial representation of the voltages and currents trapsmitted 
by a low-pass filter (Fig. 76). They will be seen to be consistent 
with the idea that the line is the limiting case of an infinite 
nanber of infinitesimal low-pass filter sections. With the transe 
ition from the polygon to the circle for all frequencies, there is 
the elimination of the cuteoff frequency and the distortion which it 
introduces. 
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(a) AT TIME t=O {b) AT TIME t SECS. AFTER 
CONDITIONS SHOWN AT(Q) 


Pat =e 
ree ee 


(c) AT TIME t=O i (d) AT TIME t SECS. AFTER 
CONDITIONS SHOWN AT [c) 


Fige 139 - Variation of current (or voltage) vectors 
with line length for loss-free line ~ (a) and (b) - 
and lossy line - (c) and (d). 


LINES WITH LOW LOSSES 


22. Effects on Line Characteristics 





Tf hl » 1 and eet dr ee een Neumann Guy pene 


close approximations can be made to the general formulae of Secs, 17 
to 21. 


The velocity of propagation u is approximately equal to 


2: for all frequencies satisfying the above inequalities, the 
Sees, 
i TyCp : 2 
fractional error being approximately (BL. + S&4.)%. 
why wy 


This approximation is justified for all practical purposes in 
the transmission lines used in radar. It redwes the characteristic 
impedance Zp to 


[ih f i (Ge. - Be } 
G O+2Cc ~ ot) 
and it is usually sufficiently accurate to neglect the reactive por= 
tion and assume that;= 


Zo = (up » so that it is generally denoted by Ro. 
t 
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Similarly the loss constant Qj reduces to:~ 


4 fa, /& + oy / } 
= ERE + Gym}. 


The behaviour of Rg and G7 , and methods of minimising 
them, are discussed in Sec. 42. 


A geet : 
ieisé 7 cos (wt - 4, “) 






— te 


A -oye coo t= 


Pige 140 - Variation of 
current (ar voltage) with 
distance along the line at 
selected instants. 


BY nao 


age 


23. Bffects of Slight Losses on Travelling Waves 


Since distortion is usuelly negligible for the typesof line 
used in radar, the attenuation introduced by low losses is the 
principel effect to be considered. 


The amplitude of a travelling wave decreases as the wave 
progresses, as illustrated in Figs. 140 and lii(a). This is more 
simply shown in Fig. 141(b), where the peak values at increasing 
distances along a lossy line are compared with those for a loss-free 
line. 











(0) ~se 


~ 
~ 
TS es ee 
~~ ee 





é 





—~— LOSS FREE LINE = LOSSY LINE 


Fige 141 - Decrease in amplitude of travelling 
sinusoidal wave due to losses. 
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& Effects of Slight Losses on Standing Waves 


A simple picture of line conditions can be built up by the 
method indicated in Figs. 142 and 143. In these figures the atten- 
wation is accentuated to clarify the effects. An open=circuit term 
ination has been chosen. These diagrams will serve also for the 
short-circuit termination with minor alterations (compare Sec. 15). 
Other terminations may be considered in the same manner, but as the 
quantitative results are more complicated, these will be derived 
analytically where required. 


OPEN 
CIRCUIT 
Qrnt 





PEAK MAGNITUDES OF DIRECT AND REFLECTED WAVES 
(a) 





PHASE RELATIVE TO DIRECT WAVE AT TERMINATION 
(b) 


Fig. 142 - Effect of line losses on direct and 
reflected waves: opén-circuited termination, 


Because of the reduction in amplituie of the reflected wave 
compared with the direct wave as the point considered recedes from 
the termination, the line gives less indication of a mismatch. For 
very long lines, the amplitude of the reflected wave is negligible 
compared with that of the direct wave, and the line "looks like" an 
infinite one, with input impedance Ro, and standing wave ratio 
(SWR) unity. In general the SWR at the input is reduced with 
increase in line length. 


Analytically it is convenient to generalise the term 
Reflection Coefficient to apply to all points on a line, and include 
the effects of attenuation as well as reflection. If ep is the 
reflection coefficient at a distance ¢ fram the termination, 
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OPEN 
CIRCUIT 


A = AMPLITUDE OF DIRECT WAVE (Q) 
B = AMPLITUDE OF REFLECTED WAVE 





(G) MAXIMUM VALUES OF CURRENT AND VOLTAGE 


Figs 143 - Effect of line 
\ losses on standing wave: 
ex =open-circuited termination. 


A 





§1=PHASE OF RESULTANT CURRENT ! 
AV=PHASE OF RESULTANT VOLTAGE V 


e 


a 34 a a 


4 2 4 


(b) PHASE DISTRIBUTION OF CURRENT AND VOLTAGE 


ayl =Jj6 pf 


& 25 6)4 
pe = (ude Beate 
Vy (vw) e ~ ¢ IPE 


where p, is the value of Pp at the receiving end. (See Sec. 13). 
2 apd 
Co Ip rl° 


At this point the standing wave ratio is given by:= 


Hence ipl = € 7 


“A A - 

So ie ee Os ge! pee ect irl . 
A LA a 2 ne 
Mee EE r-¢™ % I? yl 


It follows that as f—»a,S —> L 
Provided ay is small, it is uswlly sufficiently accurate 


to take the SWR as equal to the ratio of voltages at an antinode and 
a node in the neighbourhood of the point considered, 
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25. Energy Losses 


_ The energy dissipated in the conductor resistance or dielectric 
conductance is made manifest in the line by the heat generated. This 
may have subsidiary effects, such as mechanical distortion of the line, 
and consequent interference with its electrical properties, 


The power loss in a low-loss line of length £ may be written:= 


apt” -ape | 
. 20 Logs, € a + 10 tty /*s (sai)? (1 -€ oe . 
LE. 


This expression shows the extent to which losses are increased if 
standing waves are present. 


RESONANT LINES 
26. General Nature of Resonance in Lines 


It follows from the results stated in Secs. 8 - 25 that as 
the frequency of a signal applied to a short length of transmission 
line is varied, the line exhibits the properties of series and 
parallel resonance at specific frequencies. For a uniform loss-less 
line with an open-circuited termination, the input impedance is 
either a pure reactance or else is zero or infinite; the variation of 
this reactance with frequency is illustrated in Fig. 144. ‘the har- 
monic nature of the resonance characteristics is evident from the figure. 


—— OPEN- CIRCUITED LINE 
*—- SHORT - CIRCUITED LINE 


Fige 4 - Variation 

of reactance with 

frequency in loss- 
3 FREQUENCY free line. 





u 
f= 4@ WHERE 

u= VELOCITY OF TRANSMISSION 
@= LINE LENGTH 





ir 2 is the length of the line, series or parallel resonance occurs, 
alternately, at all frequencies which are multiples of U_, whereu 
4d 


is the velocity of propagation. 


: For lines with slight losses, the resonant properties are far 
more pronounced for shorter lengths; as the line length increases, 
the input impedance tends more and more to be independent of the line 
length and to approach Ry. This is indicated in Fig. 145. Here it 
is the mgnitude of the impedance which is plotted, at a given 
frequencys for different lengths of line. 


A short-circuited line of length ¢ or an open-circuited 
line of length 2d presents a high impedance to a generator of 
frequency f = aE and a reactive impedance to other frequencies, 


The impedance is reduced substantially for small deviations 
of the fre;uency from resonance. 3uch a line may be used as a parullel 
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OPEN ~ CIRGUITED LINE 
See SHORT - CIRCUITED LINE 








wn £ 





+24 9 . fe 
Pig. 145.- Lossy line: variation of magnitude of 
impedance with line length, 


resonant circuit. Similarly, an open-circuited line of length @ or 
a short-circuited line of length 24 may be used as a series 
resonant circuit for a generator of frequency yy 


For a generator of given frequency f, corresponding to a 
wavelengtha= 1, the resonant lengths are given by the equation 


ls ma where m is an integer. 


Non=resonant: lines may be used as reactances, The variation 
of reactance with frequency for open-circuited and short-circuited 
low-loss lines is illustrated in Fig. 146. In this diagram it is 
assumed that losses per unit length are independent of frequency. 


It should be noted that midway between series anu parellel 
resonant lengths the magnitude of the impedance is always Roe 


27. Q - Factor of a Resonant Length of Line. 


It is known that for a series L -C - R circuit near resonance 


the magnitude of the impedance is given by Z = R sec ZY where tan g = 
296,8§ being equal to f=fo , where f is the frequency and fp the 

Po 
resonant frequency. (The error in tais approximation is of the order 
4.) (See Shap. 1, Sec. 19). 
q 


Xs 


——— OPEN- CIRCUITED LINE 
s+ SHORT - CIRCUITED LINE 


NOTE - 

THIS DIAGRAM NEGLECTS 
THE VARIATION OF 
RESISTANCE WITH FREQUENCY 


° mm FREQUENCY 











no : 3 beans : 
+:L6 . Lossy line: variation of input reactance 
with fresuencyr 
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‘It may be shown that for an open-circuited low-loss transe 
mission line, approximately Xo an length, 





ay A 
z % (Rg —~—2 see 6) 
where tan g = 2nd . 
2*o 


< It follows that an open-circuited trammission line of length 

a behaves like a series tuned circuit having a 9-factor of magnitude 
vr 

Q a ly A ° 


Q 
This reduces to Q = (oly if dielectric losses are neglected, 


corresponding to the Q-factor of a coil in lumped-circuit theory. 


Sinilar results are obtainable for short+circuited lines, a 
qua rter-wave-length line corresponding to a parallel resonant circuit 
with the same value for Q as for the series circuits. Longer lines, 


“2 i2 » etc., have the same Q-factor as the 2 line, but not the same 


dynamic impedance, The longer the length of line (in quarter wave- 
lengths) the more nearly does the dynamic impedance approach Rope For 
example, a a short-circuited line has approximately twice the dynamic 
impedance of a “2 open-circuited section of the same line. 


In practice very large values of Q may be achieved, of the 
order 10%, 


26. Lecher Lines 


Short lengths of line may be used as tuned circuits, and are often 
called Lecher Linese These are usually short-circuited sections of tubular 
line, the short-circuit termination providing mechanical rigidity with 
very low loss. . 


Fig. 147 shows an arrangement which is suitable for use in a 
tunable oscillator circuit. The curvature of the lines enables tuning 
to be performed by a rotary motion, varying the effective length of the 
lechers. For very high frequencies a self~acreening type of tuned 
circuit is required, as unscreened lines become less efficient as the 
frequency rises (see Sec. 46). This may take the form of a short 
length of coaxial line. An arrangement suitable for use in a valve 
circuit is illustrated in Pig. 148. The line is tuned by moving the 
plunger which may be fitted with a screw for accurate aajustment. 
ment. 
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woe 147 - Lecher Lines 
TO Oc Yeo uso i Sliators 
seme 4o¢ uSe in csciliators, 





ROTATED 
FOR TUNING 


INSULATING 
RODS 


Mie 145 = cdjustable coaxial 
short-circuited line with vlunger 
CUNLI. 


29. Metallic Insulators 





One of the chief difficulties encountered in the use ot open- 
wire feeders is the maintenance of rigid spacing and positioning of 
the conductors whilst avoiding high dielectric losses. One method, 
applicable to a single-frequency transmission system, avoids dielectric 
losses altogether by the use of what can paradoxically be termed ; 
“metallic insulators". The arrangenent is illustrated in Fig. 149(a). 
Such a short=circuited quarter-wave line presents a high impedance to the 
feeder at the points of junction, and the effect of this on a low impedance 
line is usually negligible. A frequency variation of + 7.5% is usually 
veruissible before the line becomes uppreciably mis-matched. 


She problem of supporting the system as a whole does not arise 
ia self-screening lines, such as coaxial systems, where the fields 
ure confined to the inside of the outer conductor and the outside may 
be earthed at any point withous disturbing the electrical properties 
of the system. But the equivalent problem of supporting the inner 
conducter may be solved in the same way, by the use of quarter-wave 
sections of short-circuited line. Tne arrangement is shown in Pig. 





Li-cbie 
Se Fh hekirhebikiduahinhubink heuhethethbedchuabhedeaeaheubatbkda 
/ BSAA AAAS SS YASS 
FEEDERS N 

(q) 

SUPPORTS FOR OPEN SUPPORTING THE iNNER 
WIRE LINES OF A COAXIAL LINE 
(c) 





BROAD SANDED STUB SUPPORT 
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A modification to improve the banu width of the insulstor is 
shown in Fig. 149(c). The thickenin= ot the inner vonJuctor fons 
in eifect two A transformers back to back, in parallel vita thea 

4 a 
insulator at the junction. ‘The analysis of tuis arrangement is 
dealt with in Sec. 54 (viii). 


30. Quarter-Wave Sleeve Rejector (Rotating Joint) 


This is a method of using aA openscircuited coaxial line to 


join electrically two other sections. Ideally the iupedance cpresent~ 
ed by the device is zero at the frequency of operation, 


Phe arransement is shown schematically in Fic. lbuiu,. This 
represents a A section inserted in series with an open-wire feeder. 
4, 
Since the A line has zero input impedance it docs not «effect the t'low 
4 
of energy along the transmission line. 


If the figure is rotated about the lower conductor, the upper 
conductor jenerates the outer of a coaxial cable, and tne A line 
3 4 
takes the form of a double circular plate of radius A with tne ame 
i 
»roperties as in tne balanced puir arrangement; tois stuve is shown 
in cross-section in Pir. 150(b}. If now the protruding A "line" 
’ 
. 
is folded back on one ot the outers the line presents the appearance 
of Fig. 15.(c}. The separate portion AB then becomes redundant, 
since the outer surface of the cable CB is able to fulfil its funce~ 
tions; when it is removed, the circuit appears ag in Fiz. 7). (a. 
Finally, the inner may be subjected to the .ame process 4s the outer, 
tne complete joint bein, depleted in Fig. 150(e). Such an ervanes 
~sent is suitable for a rotatin, couplin., since there is no 
mecnanical contact to introduce frictional losses. 


a> 





Fiz. 150 - Evolution 
of d/h sleeve rejector 
(as used in a rotating 


“AN HO) a mall i ets joint). 
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31. Stub Reactances 


Short (usually< A ) lengths of open-circuited or short-circuited 
2 


transmission line, used as reactances to modify the standing wave 
distribution on a transmission system, are called Stubs. Open-circuited 
stubs are frequently used with open-wire feeders where the conductors 
are rigid metal tubes or bars. or less rigid structures and for co- 
axial lines, short-circuited stubs are invariably used. 


The variation of input reactance with stub length was given 
in Pigs. 131 and 134. Since the stub is usually connected in parallel 
with the transmission line it is more usual to analyse stub problems 
in terms’ of admittances. 


The input admittance of a loss~less short-circuited stub of 
length £ is given by 


yee-jgoot sh and » (a short length is inductive). 


The input sales: of a loss~less open~cricuited.stub of 
length 4 is givenby 


y=gjtan anf » (a short length is capacitive). 


MATCHING 


32. Reasons for Matching 


Theoretically it is possible to design a transmission system so 
that the input and output impedances of all its elements are resistive 
and of the same value, and matching problems do not arise, Mowever, 
it is séldom practicable to do this, and more often than not energy is 
transferred from a generator to an aerial system at several different 
impedance levels and correspondingly different voltage levels. It 
has been shown in Secs;8 to 16 that if a length of transmission line 
is not terminated in its characteristic impedance standing waves occur 
on the line, and the input characteristics vary with line length or, 
alternatively, with frequency, It is inadvisable to have a high 
standing wave ratio on a long feeder system, sime a small ‘change in 
frequency inight cause a large change in input impedance. For example, 
if a line is 10°A long, a °2°5% variation in frequency would make this 
10°25 A or 9°75A, and this could replace 4 voltage node at the sending 
end of the line by a-voltage antinode; this would change the input 
impedance from Ry to Ro” , or vice versa, Which is a variation in 

Ry 
impedance equal to the square of the SWR. A similer change of freq- 
ueticy would have relatively little effect if the standing waves were 
confined to a short matching ‘section less than one wavelength Long. 


4s pointed out in Sec. 25 losses are bound to be heavier if 
standing waves are present on 4 feeder system, owing to the extra 
losses from the oscillatory energy of the standing waves. In addition, 
losses usually tend to’ increase with abnormally high voltages and — 
currents, and at antinodes it is possible for dielectric breakdown or 
corona discharge to occur, with prohibitive loss of energy. 


Standing waves on the main portion of a transmission system are 
avoided by the use oF matching sections which fulfil the purpose 
described in Chap. 3, Sec. 4 They are inserted between source and 
load and ensure that the transmission’ lines are terminated in their 
characteristic impedances, Matching sections may also be used 
between two lengths of line which have different characteristic 
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impedances, or to mich a feeder system to a generator, 
33. Half-Wave Transformer 


This is’ the simplest matching section. It is equivalent to 
a 1:1 transformer which does not change the input impedance, but 
transfers the input terminals to a more convenient position. - The 
choice of length, a multiple of A , enables a line of any convenient 
2 


characteristic iapedance to be used. 
If a low-loss line is used, the formula of Sec. 16 can bé 
employed, viz: 
ant 
*a_ fy + J Ro tan A 
Ro Ro+ j 2, tan 2nd 
A 
Since ¢ is a multiple of A, tan 2m{= 0, so that zg = z,, irrespective 
2 


A 
of the value of Ry. 


This principle may be employed to join two similar sections 
of transmission line by a third section of different characteristic 
impedance. It is the fundamental principle often empleyed in the 
construction of plugs and sockets. These usually introduce sect~- 
ions of line of different characteristic impedance, and if their 
combined length is mde a multiple of A, standing waves on neigh- 

2 


bouring sections are avoided, 


Pypical joints are shown in Fig. 151. 


METAL THICKENING TO 






FORM JOINT 
eee eel 
be-L,-->| 
re Lj be— 42 —> 
- Ro FOR EACH 
ee fe fa = 80 OHMS 
bee 4; —or| 
——— el RoF 40 OHMS Ry ® 8O OHMS. 








ma, 


a 


Td 


444"3 : 
4, —>| je— f2—>| 
DIELECTRIC SLEEVE TO SEAL Fige 152 - Typical matching 
JOINT AND SUPPORT INNER problem: use of quarter-wave 


‘ tranaformer. 
Figs 151 ~ Joints designed om the 
A/21:1 transformer principle. 
54. Quarter-Wave Matching Sections 


These sections of transmission line, odd multiples of * in 


length, are impedance transformers. .The formula quoted in Sec. 33 
may be written:= 
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Zig 2, cot ant, JBo , 


2 


Ro Ro cot 214 jz 
= r 


Making the substitution /¢ = Gre} » We have cot ant = O and 
2 


R j 
lg = — « In the simplest case, where the terminating impedance is 
r 
resistive (Ry), Zs = ee and is a pure resistance. 


Rr 


The quarter-wave section thus acts as an impedance trans- 
former, Given two” lines of characteristic impedance Rj] and Ro, a 
A section designed to match the one to the other would need to have 
4 
a characteristic impedance Rp =./RiR2-+ 


A typical case arises in which a standard cable is to be 
matched to several similar cables which are in parallel at the 
junction. This is illustrated in Fig. 152. The four 80 ohm cables 
present an impedance of 20 ohms; to match this to the single cable 
requires a A section of characteristic impedance./ 20.80 = 40 ohms. 


To preserve the initial spacing of the conductors the match= 
ing section either must be made of thicker material, or must use a 
different dielectric with a larger constant, K. 


It may be noted that the use of metallic insulators is the 
limiting case of a A matching section where 2, = oo and a, = 0. 
k 
Ro may have any value. 


35. Double Quarter-Wave Line 


The frequency sensitivity of a quarter-wave matching section 
makes it usable at one frequency only. By extending the principle 
to the use of two quarter—wave transformers in cascade, with approp= 
riate characteristic impedances, a broad-band match may be obtained. 


The characteristic impedances to match R] to Rp should be in 
the order 


Ry» 1Ros ays Ro where: 


Bo : (ra) ( 2". 
1o Ry Ro. 


This relation is more simply expressed in terms of the logarithms 
of the ratios of consecutive impedames. These ratios for the 
three junctions are: 


Bo Py Bo , anda , Ro and the logarithms are in the 
Rl Ro Ro 


ratio 1:2:1. 
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If jo = aR, then a = adj una wy = atk, , 


Thus, if Ry and Ro are given, .a may be determined and hence 4R, 
and Ro. 


fo a first approximation this arrangement ensures that the 
reactive term introduced, by a change of frequency, in the output 
impedance of the first quarter-wave section, is cancelled by an equal 
and opposite reactive term in the input impedance of the second 
quarter-wave section, 


The cutput inpedance of the first quarter-wave section can 
be written: - 


ants 
Saxe. Ry cot = + JpRo : where cot on is small = x, say. 
R R née 
Pp aae oe aS + OR, (cot 2nf is zero ig’ is exactly 
x 


As) 


We then have 71. _ J&R, + Ry 
aRy JR] + a Ry 


= 223k & (0 = jx)(1+ ajx) &a+ jx(a® - 1). 
leajx ° 


So that 2, 35 Ry aé f l+ jx (a* - 1). 


Similarly zo, the input impedance of the second quarter-wave line can 
be written 
en. 
Bo: Se rr eo, 


ne 
ao Ro cot a + dR 
and this redues to zy oe Ry a* f 1. ix (a? - 1) } 


This satisfies the matching conditions described in Chap. 3, 
Sec. 4. An alternative treatment is given in Sec. 54{iv). 


The principle of the double quarter-wave line may be extended 
to any even number of quarter-wave sections, the characteristic imped=- 
ances being chosen so that the logarithmic ratios at successive junc- 
tions form a "binominal coefficient” series, (e.g. 1, 2, 1; 1, 4, 6, 
4h, 1; ete.) In general an odd number of sections is sensitive to 
frequency changes; aneven number is not, When 4 large number of 
sections is used the change in impedance from one end to the other is 
approximately exponential, and very broad band coverage is afforded. 


36. Matching by Stubs 


fhe principle of stub matching is to shunt a section of trans- 
mission line by suitable reactances at various points so that the 
input impedance is'made equal to the required wlue. Li Series stubs 
are not commonly used in transmission line systems./ 
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a P Q P| 
Gp 
— i 
Ry = “Rp 
Q2 Pa Qe Po 


Bize 153 - Stub redsotance in parallel with a matched line. 


a 


a. 


Q2 


ill 


If a section of 
correctly terminated line 4 
is shunted at some point 
by a single reactance such 
ag would be presented by a Gs f--- 
short length of open circuit- 
ed line, both the input 
resistance and the input are 
changed. Pig. 153 illus- 
trates this point. Since we 
are concerned with parallel 
agen it is more convenient 
to deal in admittances. The 
section of properly terminated 
line tothe right of Py Po may 
be replaced by G,, its charact= 
eristic admittance, and the 
stublength by a susceptance By- 
As By, is varied, the input, 
conductance G and susceptance 


° e 





B are subject to the type of Fig, 15) - Typical variation of B 
variation indicated in Fig. and G with B, (see fig. 153). 
15h. 


There is usually a limited range of values over which G 
varies. If it is required to match the line at,Q) Q2 to some 
characteristic admittance G, such that G > Gg> & , it is possible 
to find at least one value of Bj, (B,, say) fr which G = Gg; 
corresponding to this value of By there is an unwanted susceptance 
Bg» By shunting Q] Qo with an equal and opposite susceptance - Bg» 
the input admittance is made equal to G The schematic appearance 


of this arrangement is shown in Fig. 158, end the corresponding 
mechanical design in Fig. 156, This method ef matching is known as 
double stub matching. 


Pige 155 ~ Double stub 
a, 9, matching: schematic 


tl 





Gy | y-Bs 430 + Gr 


Fige 156 - Arrangement of 2 Pa 
stubs providing the above 
natching requirements. 
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Because of the limited range of values for G it is not poss= 
ible to obtain a correct match for all walues of Gge There are — 
various methods of 


overcoming this diffic-_ as; ‘ i 
ulty. One is to use a es oe 
third stub. Ifa ee 3 = = Reeiicees 
match is not possible @ Z 2 


for one setting of this 

stub, the setting is 

changed (usually. by 

approximately A) and it 
4 


A 
it then possible to ae ee 
3 ib —— Ry 


SS Qi Rg, SI be 
effect a match using the —— ss 5 . pei 
‘two other stubs as ©) 2 2 2 $2 
previously deacribed. . 
Another method is to ; 


change the position of 

the stubs relative to ths 

two lines. This is Hige 157 - Modification to double stub 
indicated in Fig. 157. method to extend the matching range. 
The portion PQRS is 

made unsymmetrical and 

reversible so that if a 
match is not possible with the arrangement as shown in (a), it is 
possible in the arrangement (b). . 


The single stub method of Pig. 158 is another way of obtain- 
ing a match for any relation between source and load impedances. . 
The two variable distances are the stub length/ > and its distanced 
from the termination T, To. This arrangement is sometimes used with 
open wire feeders, but it is not readily adaptable to coaxial lines. 
The disadvantage lies in the mechanical arrangements for the sliding 
contact. Thé necessity for robustness makes it difficult to design 
a sliding: contact which does not interfere with the characteristic 
impedance of the line due to the thickening of the inner conductor 
caused by the sliding sleeve, as indicated in Fig. 159(a). This does 
not matter at the short-circuited end of a stub since, on the side. 
remote from the line, there are no restrictions on robustness, as 
illustrated in (b), Further trouble arises through the necessity for 
a slot along which the inner ¢oniuctor of the coaxial stub can move. 
This is discussed more fully in Sec. 39. Alternatively the same 
effect as the sliding stub my be created by inserting a line length- 
ener’ between the stub and termination; but such an arrangement is not 
conmonly used beomse it is seldom mechanically convenient and is not 
without its om sliding joint troubles. 


Stub matching is further considered in Sec. 54{v) and (vi). 


Pige 155 - Single 
stub matching arrange- 
mente 





Fige 159 - Sliding 
joints: movable 
coaxial stub and plunger. @) (b) 
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37. Slugs 


Slug is the term used to describe a device which deliberately 
produces a local variation in the characteristic impedance of a trans- 
mission line. In practice, it may take the form of a thickening of 
one of the conductors of a coaxial cable, or of both conductors of a 
balanced pair, usually by a movable sleeve. The method is illus- 
trated in Fig. 160. The 
sleeves may be mide either ; 
of conducting material or 
of some dielectric material 
different from the main di- 
electric. 





paeone eee a a METAL OR DIELECTRIC WASHER OR SLEEVE 
number of quarter~wave= 4 7 : typi 
lengths long. In this case eee  eetungamentas 


toey act similarly to the 

quarter-wave mtching sec- 

tions already described. Movement of the slug along the line 
provides one degree of freedom for varying the input impedame,. As 
pointed out in Sec. 36, twe degrees of freedom in the matching devise 
are required, so that a single slug is not by itself an adequwte 
matching device. Double slug matching is dealt with in Sec. 54(vii). 


38. Balance to Unbalance Transformer (Balun) 


This térm is used to denote a device for matching an unbalanced 
line to a balanced load or source (see Chap. 3, Sec. 1). Fig. 161 
shows an unbalanced line connected to a balanced load Ree It is 
clear that if the lower conductor were to be earthed at all points, the 
lower half of the load would be short-circuited. What is required 
is a four terminal network, arranged as in Fig. 162, which enables 
the lower conductor to be earthed but provides the load with a balanced 


feed. 
es Eta. 
ce mace 
Fige 161 = Matching unbalanced Fig. 162 - Balance to 
line to balanced load. unbalance transformers 


One method uses a series Half-Wave Loop, shown in Fig. 163. 
The voltage and current at B are equal (neglecting losses) and anti- 
phase to those at A, which is the condition required for feeding 
the load in push-pull. 


The impedance presented to. the line at A Ey by the rest of the 
circuit is Ry ,; between A and E35 in parallel with the input impedance 
2 


of the half-wave loop. This also is Ry, since the loop, terminated 
2 
in Re > acts ae a l:l transformer. Heme the resultant impedance is 
2 
Ry and, to avoid reflection, this sheuld be the characteristic imped~ 


ance of the main feeder. For single-frequency systems the character= 
istic impedance of the half-wave loop is immaterial, as shown in Sec. 


33. 
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Pig. 163 - Use of half-wave loop. Fige 164. ~ Matching coaxial 
cable to screened, pairs 


The arrangement of this loop method for coupling a coaxial 
cable to a screened balanced pair is shown in Fig. 164. 


The transformer may be tuned to a required frequency by 
fitting a variable extension to the loop, as in a trombone. Such an 
arrangement is sometimes called a "Trombone Matching Section". 


Another common method of satisfying the requirements is to 
use a quarter-wave “can”, "skirt" or "balun", The schematic 
arrangement for an open=-wire circuit is shown in Fig. 165. ‘The 
lower conductor at (a) is earthed at the source, but cannot be at 
earth potential at all points without short-circuiting the lower half 
of the load. There is no reason, however, why there should not be 
a& section GC, of the lower conductor, which is at earth potential, 
while standing waves are present on the remainder, BC, as shown at (B). 


Standing wave currents 
iz and i, are present on the 
line as indicated. Cisa 
voltage node of this standing 7 
wave system, which exists @) 
between 3C and earth. There 
is a similar standing wave 
between the corresponding 
portion of the upper conduct= 
or and earth, and a current (b) 
ij will flow in the upper 
conductor due to this stand~ 
ing wave, and an equal and 
opposite current i, will flow 
between E and D. 








Denoting the Fige 165 - Current in standing wave 
travelling wave currents by section. 
iy and i,, as indicated in 
Fig. 165¢b), it follows 
from elementary circuit theory that 


i, = ap and i; = i). 
The value of the current at a particular point is indicated 


by the use of a prefix; e.g. the currents in the two halves of the 
load are giz fie respectively whilst the value of is at B is denoted 


by pis. 
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For equal currents in the two halves of the load, i.e. 
241 = ¢h- 


piz must be equal to ,i4. 


The coaxial arrangement 
may be considered as generated by 
rotating the diagram of Fig. 165 
(b) about the upper conductor, to 
@ive the arrangement shown in Fig. 
166. Provided the main outer 
cable is a perfect screen, this 
ensures that there is a very 
high impedance between the inner 
conductor and earth, since there 
is no coupling between the curr- 
ents in the inner conductor, and : ' 
outside the outer. The currents corresponding to iy and iy in Fig. 
165(b) are therefore negligible. 





@ige 166 - Matching can, 


It follows that the result deduced above, namely 


ooo at 
B*3 * atl 
reduces, in the coaxial line, to 


Bt3 = 0, 

The standing wave between B and C thus has a voltage node at C and a 
current node at B. Hence BC is an odd number of quarter-wave 
lengths; usually this is mde 4/4, the outer portion of the can 
being earthed so that points C and D are at earth potential. 


In the coaxial arrangement the currents ip and iz are separ~ 
ated, flowing in the inner and outer surfaces respectively of the 
outer conductor BC; i, flows in the inner surface of the can DE. 
The outer surface of the can and the remainder of the cable CG may 
be earthed everywhere, 


In this type of balance- 
to-unbalance transformer the 
characteristic impedance of the 
line should be made equal to the = 2 9 —~—~f#Kt----------- 


resistance of the load. IEEE y 
The use of a 4/4 can is 
especially suited to feeding a 
half-wave dipole from a coaxial 
line, as shown in Fig, 167(a). 
It is preferable to the half- 
wave loop system, particularly 
if the aerial is to be "spun", 
and mechanical symmetry is 
desirable. An extension of 
the arrangement for joining a 
screened balanced pair to a 
coaxial cable is shown in Fig. 
167(b)- : OSes se 





@a MATCHING A COAXIAL 
LINE TO A 2 DIPOLE. 





The chief disadvantage Bige 167 - Matching a coaxial line 
of both the transformer systems to (a) */2 dipole ana (b) 
screened pair. 
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so far described is their sensitivity to frequency changes. A 
change of frequency causes a mismatch and unbalance in both cases. 
In the half-wave loop method the input impedance of the loop, 
terminated in Rg is not Ry except at the frequency of operation 

2 2 


unless that is its characteristic impedance, In any case, the 
antiphase relation no longer holds, and a phase mismatch is unavoid- 
able; i.e., the currents in the twin conductors are not antiphase. 
This changes the input impedance and destroys the correct termina- 
tion of the coaxial line, In the can method, if the line Bc of 
Fig, 166 is not A, B is not a current node, so that Biz is not zero. 
4 
This makes pip different from giz and unbalances the load. Also, 
the input impedance zpy is not infinite but is reactive and appears 
in parallel with the lower half of the load resistance, resulting in 
a@ mismatch, 


It is possible to extend the second method to avoid appreci- 
able unbalance and phase varktions at the junction over a wide freq= 
uency band, 





Fig. 155 = Use of A/a stub “Sige 169 ~ Reactive currents 
to remove unbalance in load, {ses fig. 168). 


A method which permits phase variations but provides a 
reasonably balanced wide-band transformation is illustrated in Pig. 
168, In parallel with the upper half of the load is placed a 
reactance due to the stub length AF equal to that of DE, in parallel 
with the lower half, so that the current balznce is preserved. 

This is illustrated in the vector diagram of Pig. 169, the currents 
referring to those indicated in Pig, 168, The vector relationship 
indicated implies that the line AF is the same length, and has the 
same characteristic impedance as the original stub IE. 


The actual arrangement is shown in Pig. 170 where a coaxial 
line is matched to a screened parallel pair. The two stubs AF and 
BD have the same dimensions, the length *o being the quarter wave- 


length for the middle of the frequency band over which matching is 
required, The distanceAL must be negligible compared with “o. 


fne Pawsey stub, illustrated in Fig. 171, is baged on the 
same principle as this wide~band matching device, but dispenses with 
the screening can. The currents flow as indicated in the figure, 
and correspond to those shown in Fig. 170. The place of the inner 
surface of the can is taken by neighbouring earthed conductors, 
carrying the standing wave currents i) and iz, and if these are 
remote, the effective impedance will be high, so that the currents 
iz, ij, i and ig are small,  Tuese currents will not, however, 
be zero, 4nd same radiation is inevitable from the standing wave 
developed between the stub and the coaxial outer, In practice the 
short-circuiting plate is adjusted until the best possible match is 
obtained. 
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Gale F 










Fige 176 - Construction of 
wide-band matching device. 


METAL PLATE 


Pige 171 - Pawsey 
stub. 


Although this method of introducing an auxiliary stub 
restores the load balance it increases the phase variation since 
it doubles the susceptance in parallel with the load. This is 
illustrated in Fig. 172, where X, is the input reactance of either 
of the stubs. Each half of the load is in parallel with JX, 
equivalent to a total reactance in parallel with the load of 


Ao 
2X4 = 2, tan 2% 


when Ry is the characteristic impedance of either stub. 





Fig. 172 = Equivalent circuit for wide-band 
stub match 


The effect of this reactance at various frequencies is 
shown if Fig. 173 for values Ryo = 509 and Ry = 100M. 


If the phase shift of the solid stub method is prohibitive 
it may be reduced considerably by the use of a further device. This 
puts in series with the coaxial line a compensating reactance Xp 
which neutralizes near the mid-frequency the reactance ,introduced by 
the stubs in the previous circuit. Xp, takes the form of an open~ 
circuited stub AH arranged as in Figs. 174 and 175, It does not 
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interfere with the mid-frequency current distribution of the solid 
stub method, but changes the matching arrangements as shown in Fig. 
176. If Rp is the characteristic impedance of the compensating 
stub, the condition for optimum compensation is Ro? = 2R4 Ro. 
Provided Ry >> R,, this circuit is an excellent transformer. 





COLI LLILIL IIIT PILI TIEN 


fq 43 ~<— 









Figs 175 ~- Variation of impedance Yige 174 - Use of auxiliary 


and phase with freaueney for open-circuited stub as series 
wide-band stub match. compensating reactance. 


The calculated impedance of a transformer where Rp = Ro = 50n, 
Ry =1l00Mand Ro = 12.5.,is shown in Fig. 177, where the capacitance 
across At is neglected, 





wig. 175 ~ Construction of Phze 176 - xquivalent 
wide-band watching device circuit for fige 175. 
using compensating open- 

circuited stube 


This type of transformer is specially suited for a transfer 
from a stadionary to a rotating member. Since the coaxial line does 
not make contact with any 
part of the rest of the 
system, it can be kept 
stationary while the 
whole transformer and 
balanced two-wire line 
rotates around it. 


39. Standing Wave 
Indication 


If a feeder 
system is not properly 
terminated standing 
waves will occur with 





the disadvantage des~ “lg 1/7 - Variation of impedance 
cribed in Sec. 32. To and phase with frequeney for wide-band 
avoid these it is stub match with compensating open- 
usually essential at UHF circuited stub, 
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to use empirical means, since it is not ordinarily possible to 
coordinate manufacture and design to a degree of accuracy suffice 
ient to ensure the required matcuing conditions. 


Standing wave indicators, which show the variation of 
field strength with line length, are readily usable with open-wire 
lines. Coaxial lines introduce considerable difficulties, since it is 
impossible to measure the field strength inside the cable without 
making a slot in the outer conductor for the insertion of a probe 
(or loop). The actwl insertion of this probe and its movement along 
the slot change the line characteristics and increase the difficulty 
of detecting true standing waves, i.e., those which do not depend 
for their existence on the presence of the probe or the slot. The 
same problem exists to a lesser degree in open-wire systems, but 
usually the presence of a small lightly loaded pickup probe or loop 
has little effect on the line characteristics. If miniature tech=- 
nique could be sufficiently developed, some improvement might be 
effected with coaztial or screened lines, but the difficulty is thut 
the smaller the conductors become, the weaker must be the field 
strength, otherwise there would be a breakdown of the dielectric, or 
corona discharge. Since at frequencies of the order of 3000 Mc/s 
and upwards amplification is not yet practicable, the low power 
available from small pick-ups is the limiting factor in standing wave 
indication, It is therefore necessary at these frequencies to 
exercise the greatest care in design to minimise the likelihood of 
mismatching. The only empirical check practicable is usually an 
overall one, in which stubs or transformers are adjusted to provide 
maximum power delivered to the load, usually the aerial system. 


The essential feature of a standing wave indicator is a 
means of estimating field strength. Jm one of the most eleuentary 
forms this is a simple neon lamp, the brightness of which increases 
with the intensity of the alternating electric field in which it is 
placed. <A more complicated indicator might consist of a pick-up probe or 
loop coupled to a resonant circuit across which is placed a resouance 
indicator, such as a valve voltmeter, This is more accurate thar 
the neon indicator, and, since it absorbs but little cnergy, can be 
designed to have negligible effect on the line under test. The 
indicator is moved along the line with a constant disposition relat- 
ive to the conductors, and the meter or neon’ shows the increase or 
decrease in intensity. Matching devices are then adjusted until the 
standing wave ratio is a minimum. 


If the meter is a sqyuare~law device, as is often the case, it 
is the square of the standing wave ratio, or as it is sometimes called, 
the Power Standing Wave Ratio, which is obtained directly from maximum 
and minimum readings. 


40. Common T/R Circuits 


Radar systems which use a common aerial for transmitting and 
receiving require a special type of transmission system which ensures 
that the signal energy takes the correct path on each occasion. Two 
basic circuits, the series and parallel combinations, are depicted in 
Pig. 178. In both arrangements it is desirable that, to avoid stand~ 
ing waves, the characteristic impedances of the three cables at the 
junction should have the same value, Ro. 


In the parallel circuit, ideally:~ 


when transmitting, Zp = Ro, w= Ros 2p =O; - 
when receiving, 2 = Ros % = ©, 2p = Roe 
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In the series circuit, ideally:- 


When transmitting, 2, = Roe Sp = Ros 2p = 93 
when receiving, Zn = Ro Zn =O, Zp = Roe 
a | 
sacl 
! 
no —~Zp 2 in 





PARALLEL SERIES 


ize 178 - Alternative arrangenents for 
coumon T/R working. 


In aadition, in the series case the spacing of the lines must 
not be such as substantially to increase the path lengths of one 
conductor canpared with the other either when transmitting or when 
receiving. / This amounts to the normal requirement that the spacing 
of the conductors must be small compared with the ievelencen, 7 


These changes in impedance must be synchronised with the 
firing of the transmitter, The change in 2p may be due merely to 
the transmitter ceasing to operate. If the impedance which it pres- 
ents at the junction changes from R, to either a sufficiently high 
or a sufficiently low value when oscillations cease, one of the 
requirements of the basic.circuits is thereby automatically satisfied. 
The other requirement necessitates special provision to change the 
input Sees to the receiver os 


_y DIscHA RGE —_ 


(c) WF he eg 


~ige 179 - Basic switching circuit aml modifications. 


A basic circuit for providing this change is shown in Fig. 

179. AA section of transmission line is terminated in a spark gap 
i. 
or other discharge valve. The voltage of the received pulse is quite 
inadequate for igniting this valve, so that its impedance remains very 
large during reception. When the transmitter fires, the pulse 
ignites the valve which then possesses oa small impedance, which is main- 
tained by the ionized gases without absorbing further appreciable 
energy from the pulse, This small terminating impedance makes the 
input impedance to the A line very large. 
4 


If an extra A line is added to the left of the section, as in 


de 
_Fig. 179(b), the input impedance changes from an open circuit toa 
short circuit as the transmitter fires, since the line then acts as 
aA section, (1:1 transformer). 


A 
It is an advantage to add to the section an extra y line, short= 
circuited at the termination, as shown in Fig. 179(c). This ensures 
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that before the valve strikes it is positioned at a voltage antinode 
and is thus more readily ignited by the transmitted pulse. 


This arrangement is incorporated as a shunt element in the 
parallel circuit shown in Fig.180(a) and in the series arrangement 
of Fig. 180(b). Alternatively a similar arrangement may be used as 
a series element, as in Pigs.18Q(c) and (a). It is left to the reader 
to verify that these arrangements satisfy the basic requirements for 


Pig.178, described at the beginning of this section. 


a 
2 
N Fig. 180 - 


NS Incorporation of 
switching valve in 
common T/R circuits. 





= 
a 
—— 
— 
a 
—— 
Bi>-»| 


ES 
bh 
»— 

LP 


It shquld be noted that the A or A sections fulfil their 
2 

functions in the steady states only. There is always a build-up 
time required, during which the wavefront of the transmitter pulse 
Givides at the junction and part is carried to thi® aerial, part to 
the switching valve section in the receiver lead, and part is re~ 
flected because of the temporary mismatch. This transient period 
will occupy a number of cyoles, but forms only a negligible fraction 
of the pulse width, provided a sufficiently high frequency is employ- 
ed, 


It is common to use more than one valve or ocher switching 
device, at different points on the receiver feeder, as it is more 
reliable to use severel relatively simple switches rather than to 
attempt to provide a sufficient degree of reliability with a single 
switch, 


Where it ig not possible to rely upon the change in output 
impedance of the transmitter to provide the necessary switching in 
tim% branch of the circuit, an additional svitching circuit is necess= 
ary. Alternative arrangements are shown in Fig. 181. In the para- 
llel case (a) or (c), the input impedance Zp changes from an open 
circuit, its value when the transmitter is not pulsing and the valve 
is open, to R, when the transmitter fires and closes the valve. In 
the series case (b) or (d) 2, changes from a short-circuit to Ry as 
the transmitter fires. 


Neon valves and open or enclesed spark gaps may be used as 
switching valves with open-wire lines. Open spark gaps may or may not 
be "blown", and a "keep=-alive" electrode, although sometimes desirable, 
is not always necessary (See Chapter 6). 
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| 





Jig. 181 =~ Alternative arrangements for 
switching the transmitter branch of the 
feeder system, 


In the adaptation of this technique to coaxial lines or wave 
guides a soft rhumbatron is commonly used as a switching device, 
The valve may be inserted in series with the receiver lead, as shown 
in Pig. 182(a); the equivalent circuit is shown at (b). The input 
impedance of this valve is normally resistive and of mgnitude Ro, 
the rhumbatron acting as a transformer which is adjusted by the 
positioning of the current loops. When the transmitter fires, the 
gases in the valve ionize and this condition corresponds to short- 
circuiting the secondary circuit between A and B. The input imped~ 
ance becomes small and almost purely reactive, It is this change in 
input impedance that fulfils the function of the switching valve. 


TO RECEIVER 


A 
a Fig. 182 - Use of 
soft rhunbatron as 
B 
| | ! 





switching valve. 


Y 
TO JUNCTION 
{ey (b) EQUIVALENT CIRCUIT 

| Lo 
Pige 183 - Simple but Aa —~Ap 
inefficient system which a ae as 
r elies on change in trans- Rr = pR, WHEN THE TRANSMITTER IS PULSING. 
mitter impedance. Rr m gR, WHEN THE TRANSMITTER IS QUIESCENT 


A very simple but inefficient common T/R system can operate 
without any switching valves, relying entirely on the change in out= 
put impedance of the transmitter and allowing considerable mismatch- 
ing on reception. This may be illustrated with reference to Fig. 183. 
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If pRp is the input resistance of the transwitter branch of 
the feeder »ystem at the junction when the transmittcr is pulsing, 
and kp when it is quiescent, the following relations should be sat» 
isfidd. 


(i) pRp = Rg + Rp» and Ry»? Rp; this ensures that on trans~ 
mission, most of the energy goes to the aerial, and that 
the system is then properly matched, 


(ii) Ry» pi this ensures that on reception most of the 


energy goes to the receiver. However, the previous 
requirement, Ry >» » implies that a mismatch on 
receiving is inevitable. 


The overall requirements are;= 


Pp > By > Bp > hp. 


The corresponding relations for the parallel circuls of Pig. 
178 are obtained by reversing the inequalities throughout; viz; 


Pp < R, & Rp « ofp 
LIMITsTIONS OF TRANS: ISSION LINES 


41, Resistive and Dielectric Losses 


It was stated in Sec. 18 that the propagation constant per 
unit length of a transmission line may bewitten 


y= Gy sw + Toy) 
(Og + JPe> 


Where Qy is the loss in nepers per unit length. In Sec. 22 it was 
further stated that when wly » 1 and WCy >» 1 itis usually 

R GE 
sufficiently accurate to take the loss in nepers as 


= Qe +Qa, 


R 
where a, = oe , and is the loss attributable to the finite coniuwt- 
oO 





G : 
ivity of the conductors, anddg = f 2 » representing the dielectric 
loss factor. 
42. Resistive Losses 


For a parallel pair, of radius r cna separation d, the value 
of Ry may be written as 


provided d > rr, 
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mM being the permeability and 0 the conductivity of the metal, and f 
the frequency. 


For a coaxial cable of inner radius ry and outer rg, 


R = /t fh Bi.2 [Ee a 
° — i ere the suffixes 1 
f er eh. te 277 
and 2 correspond to the innerad outer condwtors respectively. 
Using the formula for Ry given in Section 18, we may write:- 


a R 


ex 


338 re 
1og16 SS 


VK 
In the particular case where y= Pee oF = 0p 
Goat: /me Clay ed) 
os TEV ry * Fe ) 
log r2 
10 (—£ 
= 


From these results we may conclude that for both balanced- 
pair and coaxial lines;- 


(1) A oc/F. 
Fo 
(ii) for a given Ry (i.e., a fixed ratio Fy OF 9,0, is reduc- 


ed by increasing the size of the conductors. 


(131) a, is reduced by using metals with high conductivity and 
low permeability. 


Further results applicable to coaxial cables only are:- 
r 
(iv) There is an optimum value of ~2 which depends on the 
conditions imposed on the variation of r, and ro. 


Viz. For minimum resistive losses with a constant 
value for rp, F2 should be 3°6. 
YL 


For maximum dielectric strength, giving the least 
chance of a breakdown, F2 should be 2°72. 
rl 


(v) When the conductivities do not have to be equal, the 
higher conductivity should be.given to the inner 
conductor. 

Results applicable to balanced-pair lines only are: 


(vi) For minimum resistive losses with a constant value for 
d, & should be approximately h. 
r 


For maximun dielectric strength the ovtimum ratio is 
approximately d = 54. 
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The power factor FP of a dielectric is equal to cos @ , where 
tan Z =wC?Y , Since we arc concerned with low Losses only, we may 


G 
take é 
Wp > Gy 
so that Fe cot 9 = She 
Hence Gy = WOyF. 


Substituting this in the expression forag given in Sec, dl, 
we have 


Os = wo, FRo & WF Lies » since R, & [ut 
f 


7 
a 


= Qnep 
eu 

' iP , eWhere u is the velocity of propagation 
u 


in the dielectric. 


4. Frequency Effects 


* Since resistive losses are proportional to./f, and dielectric 
losses to f, it follows that the former predominate at low, and the 
latter at high, frequencies. Cables are normally used below the 
frecuency at which dielectric and resistive losses are equal. 


454 Coaxial Cables with Low Losses 


Cables with the lowest attenuation are those with air as di- 
electric. The central condwtor should be rigidly supported on 
insulating spacers of low-loss material (e.g., distrene) in order tc 
preserve the characteristic properties of the cable. Such a cable 
is usually inflexible. Flexible cables reguire some dielectric 
filling to support the inner conductor and to keep it central, and a 
dielectric should be employed, if one exists, such thatQ, is less 
than A, at the operating frequency. 


The radius rj, of the inner conductor should be chosen as 
large as possible consistent with flexibility, and the outer should 
be given a radius ro = 3¢6r, (approximately). 


For a solid copper inner conductor a typical value of the 
diameter is 0056 inches, with 0-33 inches for the outer. With di- 
electric constant 2¢3, the characteristic impedance would be Ro = 
‘75 ohms. To increase the effective radius of the inner while re= 
taining flexibility, a strended inner is sometimes employed. This 
procedure is successful at the lower frequencies, but at higher 
frequencies stranding increases the loss in the inner. It is 
important to protect the outer conductor, which is often braided for 
flexibility, from corrosion, which increases the loss and causes the 
cable to exhibit inconsistent electrical behaviour. Protection is 
afforded usually by an outer sheath of polyvinyl chloride or by a 
coating of enamel. Where a braided outer conductor is used the 
paths of the currents along the strands of the braid are oblique to 
the axis, and are effectively lengthened so that the loss in the outer 
is somewhat increased, 
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46. Other Losses in Open-wire Feeders 


The effect of weather on open-wire lines may be serious if 
the line is several wavelengths long. Damp on insulators and spacers 
may considerably alter line characteristics and cause standing waves 
to develope it is possible to minimise these effects by using 
conductors stretched between fixed end supports rather than support= 
ed at intervals along the line; and these supports should be of the 
metal insulator type. 


Losses occur at 
frequencies at which the oi (b) 
spacing between the cond- ee 
uctors is comparable with a) : 
the wavelength, If = 
there are discontinuities Z (c) 
in the line (and at either Po ra ae 
the beginning or the end 
some form of discontinuity 
is inevitable) radiation 
losses occur, But in any ai.ve 10h - Resultant fields due to 
case, the existence of a alternatjug currents when d is 


comparatively large induc- comparable with A . 

tion fields at points near 

the line may cause consider~ 

able loss due to pickup in 

neighbouring conductors. These conductors may dissipate the energy 
in the form of heat or, which is usually even more undesirable, 
radiate electromacsnetic energy woich would interfere with the direct- 


2 


ivity of the main aerial systen. 


The manner in which these fields occur is shown in Fig. 164. 
The vector EL represents the time-variable electric field au Q due 
to the current in a small element of the line at Pj, and Ed that due 
to the corresponding element at Po. These currents are in opposition, 
so that, provided Q is equidistant from Py and Po, the equal vectors 
ET and > will be antiphase and the resultant vector will be of 
negligible magnitude. 


This will be true for all positions of Q provided Pj and P 
are separated by d& A, as for the case (b). Where dis not small 
compared withA, there will be positions of Q for which the differ= 
ence in pathlengths Pl Q and Po Q causes an appreciable phase differ= 
ence in Bj and Ep at Q as at (c). There is thus a resultant vector, 
whose magnitwe is not negligible, at points several wavelengths fran 
the conductors. This normally represents the induction field, but 
at discontinuities in the conductors the same applies to the radiation 
field; [for a consideration of these different fields see 
BR 229 Sec. R para. 7 or aP 1093 Chap. Vil’ para. 3i.] 

In general, more energy is stored in the electric and magnetic 
fields at regions further from the conductors and more extraneous 
radiation of energy occurs as the frequency is raised. 


A short length of transmission line improperly terminated may 
be used as an aerial because of this fact. Some microwave oscilla- 
tors have open=-circuited lines built into the wlve-circuits inside 
the envelope and these fulfil the dual role of resonant circuits and 
radiators. They may be inserted in waveguides without external 
eonnections, energy being rediated direct from the standing wave 
system on the openmeircud tes line. 
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CIRCLE DIAGRALS 
47. Introduction 


In Sec. 16 an analytical expresssion was given for the input 
impedance of a wiform lossless line of characteristic impedance Ro 
terminated in any isnpedance ape Practical problems re uiring the use 
of such relationships in successive applications give rise to 
complicated arithmetical manipulations which make the analytical 
method of solution tedious and which mask the physical significance 
of the processes employed. A geometrical method of tackling such 
problems involving tne use of Circle Diagrams gives results which are 
sufficiently accurate fc. most practical work, and are speedily 
obtainable with a little practice and familiarity with the method. 
Also the pictorial representation involved in this method helps to 
keep’ the physical principles in mind, since movement from one part of 
a line to another is represented by a particular type of movement 
from one part of the diagram to another. The subsequent sections 
are devoted to a description of the Circle Diagram or Transmission 
Line Calculator and the methods by which it may be used in the solu- 
tion of transmission line (and waveguide) problems, By this means 
some of the problems already dealt with qualitatively can be given 
a Quantitative interpretation. 


We make no attempt to discuss the theory of circle diagrams 
but merely show how they can be employed to solve transmission line 
problems. Further, although two forms of circle diagrams are in 
common use, the Cartesian and the Polar, we shall here limit our- 
selves to a description of the former alone, 


48. Normalised Impedances and Admittances 
The fundamental formula of Section 16, 


2, Zp + J Ry tan g 
ge oer geo (B = 28) 


2 
°Ro+ dz, tan p 


may be EEE in the form: 





2g = Pe+ jteng 
Ro 1+ 52 tang 
Ry 


2g Zp : Z 
If we now EeptaGs = and 5 by and respectively, we have 
+ j tang 


° 
le j tan g 
so that the formula connecting and depends only on £ and not 
ia | Fl d 
Oe 


The ratio [2] = z. is called a Normalised Impedance, and is 


dimensionless. 
Similarly, = a is called a Normalised Admittance; 
Oo 
(Gy = a. ). 
Ro 


* In diagrams, italics are used to denote normalised impedances 
and admittances, 
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Clearly, 


= 


[sll of PIS 


so that the recip: ca” relation between admittance and impedance 
holds also for their norr:lised equivalences, 


The use of normalised impedances and admittances makes it 
possible to use the same system of co-ordinates for all circle dia- 
grams applied to any uniform loss-less line. Also, the sane 


normalised quantity [z] or may be taken to represent either an 
impedance or an admittance (normalised) since both are dimensionless, 


Ifa=sR+ x, 


then [z] = [R] + J [x] » Where [R] and are the 


normalised resistance and reactance respectively, given by 


[R] : R and = x. ° 


Bo Bo 


similarly, if y=G + iB, 


then’ [¥] = + j [B], where [@] = = and [3] = 2, 


49. fhe Cartesian Circle Diagram 


Pig. 185 is an example of a Cartesian Circle Diagram, It 
comprises a Cartesian system of axes as a background which is indicated 
seperately in Figs186(a). When working with circle diagrams, imped- 
ances and admittances must first be reduced to their normalised forms 


[z] a “Bo and [y] = eqs 
An impedance = + 5%] is represented on the 


diagram by the point P 5 [4] whose co-ordinates are and 


as shown, 


The impedance fz} can be regarded as being represented either 
—e 
by the point P or by the vector @. In the same way an admittance 


= wl + JfBy] is represented by the vector @ or by the point 


Superimposed on the Cartesian reference systen is a family 
of complete circles, the ucircles, and another family of circuler 
arcs, the n<arcs, that out the u-circles at right angles, It is 
not necessary to understand the theory and construction of the dia- 
gram in order to use it, but for interest some properties of the 
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The circle u= 0 is therefore the same as the + ix] (+9 [B}) 
axis. 
At the other extreme, when u = @, then, according to (2) 
the radius of the circle is zero and its centre is the point (1,0). 
The circle given by : 
u = 00 


is the point C in Fig. 186(b). Finite values of u give circles of 
the type shown, 


In practice, the quantity u is associated with the loss in 
amplitude on reflection at an impedance, or with the attenuation of 
a travelling wave, and it is convenient to attach to each circle its 
u=value in decibels instead of its immediate u-value in nepers. This 
has been done in Fig. 185. 

If [x] is put equal to zero in equation (1) we find that the 
cirele cuts the (R] “axis at distances and [Ro| from the origin 
such that, 


= coth 2u + cosech 2u 
whence, [Ral = tanh u and = coth u 
fee 
This is equivalent to the equation 

2, =R ey Za’ of section 34, where z, and Z, are both 
resistive. 
neers 

These are arcs of circles whose equations are, 

[R] oe ([x] + cot & 7 n)* = cosec” & Kn ssseeee(3)s 

Their centres therefore lie on the + j[x]azis at the points, 
CO; = Coe AWN) -deeke te gua riseeides sever weee (A) 

and their radii are: cosec 4n, 


For each value of n within the range 0 to $ we obtain an arc, but the 
sequence of arcs repeats if n its increased beyond the value of 3, 


An n-arc is shown in Fig. 186(c). According to equation (4) 
and Fig. 186(c), since in the triangle ODC, OD = ~ cot 4 n and 
DC = cosec 4n, the angle ODC = -4 in and OC = 1. 

Thus, all n-arcs start out from the unit point ¢ (1,0). 


When n = O the centre of the arc lies at minus infinity on 
the j[X]axis. The arc n = 0 is therefore the portion CO of the 


real axis. As nis increased the centres D move up the + 5[x] 
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circles are given in 
the following (starred) 
paragraph. 


ORSE 


Properties of the Circles 
and Arcs 





uecircles are the 
loci traced cut by the 


point given by 
' - + j tan 2T7n 
l+ J [Zr] tan 2nn 


= & 


vhere no =< 


d 


when is kept constant, 
but n is allowed to vary. 


and 


If nis kept 
constant and is allowed 


to assume various purely 
resistive values, the locus 


of [2s]4s an n-arce 


u-circles 


It may be shown that 
the equation of a u-circle in 


the [2] , system of co= 


ordinates is 


([R] - coth 2u)? + Og 
cosech> 2U .sseeeeeeees(1)e 


The centre of this 
circle lies-on the 
axis at the point 


(soth 2u; 0) Siete sl2)% 
and its radius is, 
a= cosech 2u. 


A u-circle is shown in Fig. 


186(b). 


By assigning to ua 
sequence of values 4 family 
of circles is obtained in 
which one circle corresponds 
to one value of wu 


When u = 0, equation (2) gives 
the circle an infinite radius 
and places its centre at plus 


infinity along the [R] -exis. 
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axis and finally reach the origin when n = Ye « Asn increases 
further the centre D continues to move upwards and disappears to plus 
infinity at n= Vi,. 

The portion CG of the real axis is the aren= Y,. Whenn 
increases in a series of equal increments a set of arcs is obtained 
in the upper half of the diagram as shown. Those in the lower half 
are easily obtained by completing the semicircle of which each n-arc 
in the upper half is a portion, The completing arc, dotted in Pig. 
186(c), is called the complementary arc. If the n=value of an upper 
arc is n, then that of its complementary arc is (n+ 1/4). Thus, 
the n~values of the upper arcs range from n = O ton = 1/4, and of the 
lower arcs fromns Yi ton=1/2, The arc n= 1/2 is again the 
line CO which is alse the arc n = 0. 


If n exceeds the value of 1/2 and is for instance equal to 


n= @ +n') where h= 1, 2, 3, etc. then the arc n is the same as 
the are nf, 

The distances from the origin (x, and at which the 
same semicircle (arcs n and n+ 1/4), cuts the + j[X]axis are obtained 
by putting [R] = 0 in equation (3). 


Thus, [x] = + cosec knn - cot kxn=+ b= cos hn 
sin 4Wn 


That is, 
= tan 27n; = mCot ANN ecccecsececeeees( 5) 
as shown in Fig. 81(c). 


It follows that, 


Sed. Ges cewae path saw eidestaaiae (Oy 


If is a normalised reactance then is the corresponding 


normalised susceptance and conversely. 


50. Application of the Circle Diagram 





Bach u-circle corresponds to a particular standing wave 
distribution on the line. All points corresponding to input imped~ 
ances at varicus positions on the same standing wave system lie on 
the same u-circle. The application of circle diagrams to lossy 
lines, in woich the standing wave ratio varies from point to point, 
is discussed in Sec. 53. 


Each nearc corresponds to the position of points relative to 
the standing wave system in which they are located, The difference 
between two values of n corresponds to the distance along the line, 
measured in wavelengths; i.e. 


Ryo ae = £ 
An inportant property of the diagram is illustrated in Fig. 

186(4). It shows a complete u-circle enclosing the unit point 

C(1, 0) and two n-arcs, CP and CQ that intersect it at P and Q. The 

n-value of each n-arc is marked on it near its end and each uecircle 
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also is marked witn its u-value (Fig. 185). As an inspection of the 
ebhart will reveal tne values of n run from zero for the arc 
CO to n = 1/2 as CO is reached again from below, whereas the values 
of u range from zero for the reactive axis of co-ordinates to infin- 
ity at the limiting point Cc. In Fig. 186(d) the arcs CP and CQ bel- 
ong to the same semicircle and are called complementary. It will be 
round that if the nevalue of any are CP is n, then that of its 
complementary arc CQ is (n+). 

Further, if OP represents the normalised impedance 
z = [R] + j[X] (i.e. P is the point (R], [X] ) then 0Q represents 
the normalised impedance (or normlised admittance) =V[z]. 
By this we mean that if the length of OP is [Z], the magnitule of 


—~ . 2 i 
[z], and the angle COP isa, then the length of 0Q is [z'] ral 


and the angle COQ isat=~aq. It must be stressed that for this 
to be true OP and CQ must be complementary arcs. 


Thus, if [z] = + j[X] is a normalised impedanme represent- 
ed by OP, then the associated normalised admittance “28 + J[B] 


is represented by 09. (Fig. 186(d)). 
In particular, if the angle ca is zero then P lies on the 
real axis and OP represents a pure normalised resistance, says 


The point Q will also fall on the real axis at the opposite end of 
the diameter and will correspond to the conductance = [4b 


such that sl. 


Similarly,’ when & = 90° the arc CP meets the imaginary axis 
- in the reactance point + 5[X} Then the arc CQ meets this axia at 


the corresponding susceptance point ~5[X2] such that |XX, = «ll. 


51. Numerical Examples 


To find the Input Impedance x, given R., tp» f anda. 
The line is assumed to be loss-free, “ Refer to Fig. 187(a). 


Procedure 

le First normalise s,, the terminating impedance; thus 
z. = “cake ,5%e = R] + 5k 
* RB, Re eae Fe] 


2. Plot the point = + jJiX..j on the cartesian diagram 
(Point P, Fig. 187(a)). [Fx] 


Ze Note the value of 
(i) the neare ny, 


(ii) the wcircle up, , 


197 


Chapel, Secte51 


that pass throuch P (or 
estimate these values by 
interpolation between 
circles and ares). Ms- p+ < 
. ee 
i sevianber OR. aie x rns 
add it to nh to obtain 


ny =n, ns 


Since the line is loss-free, os 
Wy = aN 


t R 
5e Traverse in a clockwise Rr 
sense the u-cirele u = u, 
until it meets the n-are 
nen,=n +“, , at the 
r 


point @ At this point 


the normalised impedance 
ig:- Z53—> Ry Zp 
= + js] ° = £ a 


The input impedance is, as 
required 


2g = R, + IR, G)= rpm (o2s- $) 


Ro + jJX,. 


P 
s 
Example 1 
Q 
A loss-fres trans- a 
mission line whose charact- 3 Zz R 


v 
Z 
eristic impedance is 300 ohms § 5 
and whose length is O°3A is 
terminated by a load, 2, = 
(600 + 3 300). 


Find the input impedance. 


The normalised load is (b) 
=== =(2+ jl). Sige 187 - Use of circle diagrams. 
° 


From Fige 185 the u and n- 
values of the impedance 


point [Z,] = 2+ jl; are i- 
, = 3°5 dbs n, = 09213 . 
Hvaluate 
uz tus ny = 0°213 + Ys 
= 0°513. 
The arc n = 0°513 is the same as the arc n, = 0-013. 


The point of intersection of the circle u = Up = 3°5 Gb and the arc 
nen, = oOo13 is 


= (0°38 + j 0°07). 
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The input impedance is therefore 
z= 300 = (114+ j 23). 


Example 2 


The transmission line of example 1 is terminated by an admit= 
tance Jr = Gr + J By = (O-01 + d 0-005). 


Find the input admittance. 


We treat admittances exactly as if they were impedances. We 
therefore follow the procedure formulated above;=— 


The normalised admittance is, 


Pe] = Xe = Bey, = 300¥, = (3+ 515). 
e 


Plot the point = (3+ J 1°5) and note u, and n,. = From 
Fig. 185 we read, 

uw, = 2°32 dbs mw. = 0°227. 

Form ng = Ry + 4 = 0°227 + Oc3 = 0° 527. 

We my therefore take ng to be 0-027, 


The point of intersection of the arc ng = 0°027 and the 
circle uw = 2¢32 is, 


= 0°28 + j Orl7. 
The input adrittance is, 


Ye =Ge - fal - sn Qvi7 


= 0°0009 + j 0°00057- 


Example 5 


Pind the normalised admittance that corresponds to the imped- 
ance [sy] ef example 1. 


According to Sec. 50, and Fig. 186(d) the admittance of the 
impedance Fr] which lies at the intersection of the circle u ani arc 
n (vector OF Fig. 186(d)) is represented by the point of intersection 
of the circle u and the complementary arc (n +.4). 

Prom example 1, 

=z 24 j 4 
Consequently, for Yr]= 


=z 3e5 ab; Ry = 0° 213. 


a ae 


"| 


U= Up = 395 db; ns (n,+ 4) = 0°463. 
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From Fig. 165 
= (0-4 - J 0-2). 


(By calculation: [Yr] = ites Pst Ge) 


24 jl 5 





Example 4 


The transmission line of example l‘is terminated by an 
inductive reactance X, = 150 ohms, Find z, when 4 = 6930, 


We have:~ 
*H is Bross; FpJ= 0+ 5. O5, 
From Fig. 185 


we. = 0; nw, = 0-07). 
For fz]; u, = w= 0; my = nt Yq = 007k + O35 = 0-3 The 


From the chart =s- jl. Hence 2, is a capacitive 
reactance of 300 ohms. 


E Le 


Find the standing wave ratio S on the transmission line of 
example 1. 


A 
According toSec. 13, S= - = BE 
° 


The point = 2+ jl lies on the u-circle u, = 3¢5 db 
and arc n, = Or 213. 

The impedance z, becomes purely resistive at the points 
and where this circle cuts the resistive axis. 


From Fig.185, this occurs at 


= 2623 = = 0-382, 
2° 62 


Whence § = 2626 
Nn 

the distance 4, of [2], which is that of the nearest voltage 
antinode fron is given by: 

An = 0:25 ~ 0213 = 0-037=¢,, . 

Wr 

Whence fy = 0-037A. 
Similarly the distance of the nearest voltage node is at 


£5 = (0°5 = 06213) A= 0°2870. 
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52. Use of Circle Diagram .o Determine the Magnitude of the Load 
Tispedance from a Knowledge of ne Standing Wave Pattern 


A knowledge of the standing wave pattern enables us to deter- 
mine S anda, and shows the distances of the voltage nodes and anti- 
nodes from the termination. At voltage antinodes and nodes the 
line impedance becomes purely resistive and attains its maximum and 
minimum values Z and a 

Further (see Sec, 13) 

4a R 
S= £4. = <& , #0 that 
Ro 2 


2% = R2, 


We may write 


s = [2 


1 
7 eo 
Since S determines and » the representative uecircle is 


determined uniquely by the standing wave ratio, (S, 0) and ($ » 0) 
being the ends of its resistive-axis diameter. 


As the distance { from the load is increased the representative point 
Q of the impedance (Pig. 187(a)) traverses its u-circle. 


A displacement of '/ 2 along the line from any position takes 
Q exactly once round the u-circle so that it returns to the original 


impedance - Thus the magnitude of the normalised impedance 
oscillates between the extremes of and as Q continues to 
traverse the circumference. 

When S, A and ey (the distance of the first voltage antinode 
from the termination) are known from the standing wave pattern then 
the procedure of example 5, Sec. 51, may be reversed to give 2). 

Thus we plot = § on the real axis (arc n = 1/4) as shown 
in Fig. 187(b). 


As we move away from the generator towards the load the moving 
point Q traverses the u-circle in a comter-clockwise sense. 


If, therefore, Q starts at S, the position of voltage antinode, 
it reaches the point P corresponding to 2, where the u-circle through 
S cuts the arc n= ny = (0°25 -*1/,), since zy lies at a distance ¢7 
from the voltage antinode on the side away from the generator. The 
normalised line impedances at all other positions in this danding 
wave pattern are represented by points on the u-circle through 5. 


Example 
Suppose § = 5 and 4, = OLA, Find ay. 


Then u= 1-8, The intersection of the circle u = 1°8 with 
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the arc n = 0¢25 = O«l = 0-15 is the point [zr] = 0°55 + j 1°23. 


53. Application of Circle Diagrams to Lines wita Low Losses 


When the line loss cannot be neglected then it is not only 
necessary to evaluate n, = n+ TEN but also to determine the vulue 


of u, Which is no longer equal to u,; that is, the representative 
point dees not remain on the same uecircle for different lengths of 
the line. If the movement on the line is away from the’ load 
towards the generator then u, increases with 4 and @ moves on the 
diagram in a spiral towards the’ limiting point C (1,0). When 
becomes large then the input impedance 2, is always represented by 
a point very near Cc. This is equivalent to saying that tne normal- 
ised input impedance of a long attenuating transmission line is 


The conversion of u to ug is made as follows. It is supposed 
that the signal loss in decibels in a standard length of the line 
(say 100 feet) is known, Suppose that the transmission line shown 
in Fig. 187(a) produces an attenuation in a travelling wave of af 
decibels per unit length and therefore a = asf decibels for length/. 
To find the normalised input impedance fz ,] when [2,] is known 
proceed as follews:- 

Locate as before on the diagram and note uy, and n, « 
(u, in decibels). 

= 4 

Evaluate ug = (u,+ a) amin, = (a, + ~)- 


Move clockwise around the u, circle up to the arc ng. Move 
inwards along the ng arc to its point of intersection with the circle 


Uge 
This determines the representative point of 


Example 


A resistance ef 200 ohms terminates a 50 ft length of Uni- 
radio 1 cable (Rg = 72 otms; ay = 3°5 db. per 100 feet at 200 Mc/s. 
and K & 2°25). Find the input impedance at a frequency of 200 Mc/s. 


= s ° 20. e 5 
a a,¢ soe 1°75 db 


The wavelength in air is 1} metres and in the cable is 


es f S- 15°25. 
4 R 1 metre. Whence ‘/r = 15°25 
= 200 = 2-78 j.0 

[zr] 72 78 + g 


From Fig. 185 
a, = 3°3; Dy = 0.25 
u, = 3e3 + 1°75 = 505 db; Rg = Ny + 15°25 = 15 8 


The arc n = ng is equivalent to the arc n = 0 
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From Fig. 183 


2 
Hence Zs 


0.53 + j.0. 
72 = (37.4 + JeO)- 
5h. Application of Circle Diagrams to Matching Devices constructed 


from Sections of Uniform Loss-free Transmission Line 


(i) Important Property of Circle Diagrams 
Refer to Pig. 188; let OF represent the impedance > and 


u 


ow the corresponding input impedance at the point P distance £ r fran 
R. If varies in such a manner that the point R traces out a 


circle, then it can be shown 
mathematically or by plotting 
a series of points that the 
point P also traces a circle, 
(or, in some cases, a straight 
line). (a) 





The method of plotting 
the point P corresponding to a 
particular position of R is XY 
indicated in the figure. In 
the particular case when the 
circle-lecus of R degenerates 
into a straight line (circle 
of infinite radius) the locus 
of P is still in general, a 3 
cirele. 







ttr,,{LOCUS OF R) 


/ ~~ 4-c1RCLE 


The property is of 
THROUCH R 


impertance in the demon= 
stration of some matching 
problems using circle diagrams. 


It is used in the cases given Ceacue OFF? 





below, eof Double Stub Matching (b) 
and “Matching by Slugs. 
Mathematically, the stig. 108 - Important property or 
relation circle diagraiise 
tan 2tt 
Zs} os Ae J[z,| o a » Where 4 is constant, 





aan: ame 
[2x] + J tan at 


4 


[2s]= a+ B [2;] » Where, in general, Q , ’ 7 ’ § 
a +6 [2;] are complex as well as/[z,) and [2,.] 


This may be written in the form 


is of the form 


[z5|= al+ _Bt , and is equivalent to the following 


[2r|t 7" steps;- 
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(1) a translation, 

(2) an inversion, 

(3) a magnification and a rotation, and 

(4) a fucther translation, 

None of these steps distorts the circular shape of the locus of (r]- 


L Step (2) may transform a circle into a straight line - i.e., a 
circle of infinite radius - or vice versa. 


(ii) */2 Transformer 


The action ef this, the simplestof line transformers, is 
demonstrated by the movement of the point P (Fig. 186(d)) one 
completely round the appropriate uscircle. 


(iii) 4/4 vransformer 


In this case the point P, corresponding to (Fig. 166(4)) 


traverses the appropriate u-circle from the n-arc te the (n+ 4)-arc, 
xX 


i.e. to the point Q 


(iv) Double */4 Transformers 


Consider first the 
behaviour of a single + trans- 
former When a small increase 
in frequency causes the line to 
become rather more than 


A in length, This is illust- 
iE. 


trated in Fig. 189(a), for the 
ease in which input and output 
impedances are required to be 
resistive. If the terminating 
impedance is Ry, (assume R,> Ry), 
normalised impedance is given 
by ==, where $ is the stand- 





‘ Oo... 
ing wave ratie, and is represent~ 
ed by R. The input impedance 
Ro? x 
C 
x" 
is represented by P(S, 0) 
previded the length of the trans- 
former isexactly A. If this 


when normalised is = and 


is increased a reactive term is 
introduced, illustrated by the 
peint Pt, Although the resis- 
tive component of the input 
impedance is still approximately 
cerrect a considerable phase 
error may be introduced for a 

small change in wavelength. @) 





Fig. 189 = Double */4 


ge b 
Fig. 189(b) shows a a : 


double A transformer used 
4 
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to minimise the above effect. The characteristic impedances, 1 Ro 
aad 9.., of tae © sections of line are related ts the resistances 


at the receiving end sending ends cf the line, im this case the 
characteristic resistances of the respect:ve feeders, by the rela- 
tions 
2 Re 
72, = * R, and 2Ry = & ar > Where Re = a, 


The change ef characteristic impedance at the junction 
generally necessitates changing from cone uscircle to another, 
since for each separate section of line the impedance considered 
must be normalised with respect to the ap-ropriate characteristic 
resistance. 


This is illustrated at (c) for the case when each section of 
the double~transformer is exactly * in length. Since Rr =1, 
oe a 


the standing wave ratio for the first section is a , and the point 
R of the circle diagram, corresponding to the input impedance at R 


(Fig. 189(b)), normaliseé with respect to )R,, is the point (2, 0). 
The point ¢ (1,0) represents the terminating impedance Ry normalised 
with respect te itself. Hence we may consider the change in charact- 
eristic impedance at R to be represented on the diagram by movement 

of the representstive point fremcC to Rk. The change due to the 
movement from R te P (Fig. 189(h)) 15 represented by movement from R 


te Py along the uwcircle. Since R is tne point G, 0), Py is the 


point (a, 0), The change in characteristic impedance from Ro to 
e@ *t P mecesaitates dividing the nomalised impedances by a2, since 
2Rp = a71Rg, 50 that. 2 | 1. 2 + This transfers the represent- 


a 1Ro 
ative point to Po, which is ¢ » 0}, the same as R, Movement fom 


P to Q (Fig. 189(b)) is represented by movement along the u-circle 
from Po te Q] in Fig. 189(c). Finally, since Rg = a. 4Ro, the 
change in impedance levels at Q is represented by dividing the new 
impedanse by a; i.e., the representative point returns te Q, = ¢ 
and the line is properly matched. 


If the frequency is dlightly increased so that the electrical 
length £ of each of the matching sections is increased by the same 


amount, the conditions are altered to those shown in Fig. 189(d). 
Provided the frequency shift is not too large the change in n-velue 
at Pp is the same as at P) (this can be verified from Fig. 185) so 
that to a first approximation Q, is not shifted, and the input imped- 
ance represented by Qo satisfies the requirements for a broad-band 
match. 


A similar argument shows that any odd number of transformers 
with appropriate characteristic impedances, used in cascade, is 
sensitive to changes im frequemy, whereas any even number is not. 
However, the more x sections there are inserted between R, and Rg the 


smaller is the standing wave ratio on each section and the more 
closely de the appropriate u-circles approach the point C. If a 
large number of such transformers is used, with their characteristic 
impedances exponentially graded, a wide-band match is achieved irres=- 
pective of whether the number of sections is odd or even. 
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(v) Single Shunt Stub 


This matching device is illustrated in Fig. 190(4}). The 
position of the stub, distant ¢ 3 from the termination Tj Tg is 
variable, and also the length.f p of the stub. It is reguired to 
adjust 43 and?o so that the input admittance at Py Po has a 
required value y, (usually the characteristic admittance or the line 
connected to Py Po). 





Fige 190 ~ Matching by means of 
a single sliding stub. 


The terminating admittance y, and the characteristic imped- 
ance Ro determine the standing wave pattern and the appropriate u- 
circle us ur for the section PT (Fig. 190(b)). On this circle the 
points f and P (representing the required input admittance) are 
known. The stub-length f 2 is adjusted until a susceptance 5[BQ] 


is shunted across the line at P) Po. This procedure determines the 
point Pt. (here are two alternative positions for P' corresponding 
to two complementary solutions to the problem. They are the inter~ 
sections with the circle u= uy, of a vertical line drawn through 

+ Only one of these two positions is shown on the diagram), 

P! determines the value ng of the required n-arc. The distance fy 


between stub and termination is given by ey = Ng = Ny e 
A 


If may have any value a match is not always possible, 
i.e. the line through parallel to the susceptance axis may not 


intersect the circle u= ur. In most cases however is the 
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characteristic admittance of a line identical with that forming 
the section Pf? so that =1. In this case is the point 


CG (1,0) and two solutions are always possible, one of which corres= 
ponds to a length £4. less than, and the other greater than */4. 
The shorter length is usually preferable, The length £ 2 corres= 
ponding to the susceptance may be obtained frem the circle 


diagram as indicated below or from the formulae; 








nx 
= = cot c bo for a short-circuited stub. 
t 
a4 toe = = 2 for an open-circuited stub. 


The determination from the circle diagram of the length f 2 
corresponding to the susceptance is illustrated at (c). For 
an open-circuited stub draw 0Q so that 0Q = [Ba] . The value no of 
the n-arc through Q then gives £ 9 from the relation 
£ 
= 72 
Re 
It is important that the direction of the admittance 5 [Ba] is deter- 


mined correctly. In the case illustrated at (d) the point Q lies 
below the origin, cerresponding to a value of ng between 0°25 and 0-5, 


If a short-circuited stub is used 0°25 A must be added to, 
or subtracted from, the length 4, obtained above for the open-circuited 


stub. 


Numerical example 


The results of an actual experiment are quoted in illustra- 
tion. 


: The wiscreened twin transmission line of Fig. 191 comprised 
a pair of copper wires in tension, The characteristic impedance 
was R, = 320 ohms. 





K— 4, —rle— 3 


METAL REFLECTING 
(a) PLATE 






Fig. 191 = Measurement of an 
impedance at 14 Mo/s. 
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The lines with the stub omitted were fed from a low power, 
leosely coupled 200 Mc/s. oscillator and a complete standing wave 
Was preduced on the line by using the metal plate termination shown. 
The wavelength was obtained from the standing wave pattern using a 
standing wave indicator. 


The measured wavelength was 151 centimetres, 


It was found that a voltage antinode existed exactly at 4/4 
frem the plate which behaved therefore as a termination of zero 


impedance. 


A resister whose nominal value was 560 olms was shunted 
acress the line at A/ 4 from the plate, i.e. where the line imped=- 
ance was infinite. The terminating impedance of the line to the 
left was therefore that of the resister alone. A standing wave ratio 
S = 1-84 was found on the line and a voltage node was lecated at 
4y = 39 centimetres frem the resister towards the generator, At 
this point the normalised admittance of the line is S + j.0 = 
1¢84 + 5.0 (See Sec. 52). This point lies on the cirele u = 5+3 db. 
and the arc n = 0°25, We have ty, = 39_ = 0-258 Censequently, 

151 


the admittance point of the termination is the point of inter 
section of the circle u= 53 db, and the are u = (0°25 = 0+258) = 
=0°008 which is quivalent to the arc n = 0°492, This gives = 


O° 54. = 0°04 


er [z,] = Qe 5h, + O10 J, = 184 Jj. 136. 
(0.54)2 + (0°04) 


: 520[z,] = (576 + 3. 4°36), 


i.e. the "560 ohm resistor" has in fact a resistance of 576 ohms in 
series with an indwtive reactame of 4°36 ,obms. 


Zz. 


The standing wave on the line was eliminated by the use of a 
short-circuited shunt stub as in Fig. 191(a). The point y, eceupies 
@ position en the circle w= 53 db. as shown in Fig.Jol (b). The 
length of line from y; to P! is given by 


Ay 0°15 = 0°49 = —0°34 which is equivalent to 


Sy = 0-16 


Hence the stub must be placed 0*16 A frem the load, i.e. 
44 = 2he2 ema. 


Since a short-circuited stub is used its length to is given 
by lop = 0°25 + BM. From the circle diagram we obtain no = 0-41, 
wo that *2/, = 0°66 which is equivalent to tof, = 0ol6. Hence f9 
also is 24+°2 cms. 
(vi) Deuble Shunt Stub 


Fig. 192(a) illustrates the use of two shunt stubs of variable 
lengths dy and t; separated by a fixed distance to for matching a line 
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te a terminating admit- 
tance yr. It will be 
assumed, as is common in 
practice, that all per- 
tions ef the line and 
stub have the same char= 
acteristic admittance 
Gq It is thus required 
te adjust the Lengths 24 
and’ so ‘that the 
terminating admittance y. 
is correctly matched te 
Ge- 


As £ L is varied 
the normalised admittance 
given by:- 


[2] = [re] + 3) 





= Gn + j@rle ) LIMITS WITHIN WHICH Bs MUST 
LIE FOR A MATCH TO BE POSSIBLE 
traces a line parallel te 
the suscaptance axis B 


through ( Gr], 0), Fig. 
192(b). Since f 9 is 
constant the corresponding 
admittance (y3) traces out 
a circle (see (i) above). 


This [y3]~ cirele touches 


the circle u= 0 (the 
susceptance axis) corres= 
pending te the short=- 
circuiting ef the line 
when (7 = 0, (n = 0-25), 
the peint ef contact 
being given by u= 0, 


mi Mg es ORR Se #020, 


It alse touches the circle 
w= w, When By + By = 0 


(i.e. [¥9] =(e,] + j-[Q) . 


the point of contact being 








given by wu = up» R= No 

when < lanmin=s n+ He 1% - Matching by double shunt 
0°25 when >1. 

Actually the ~ oircle 


can be shown to have centre 





Bee (2% mp) - j cat (2% ng) 


and radius 
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i. cosec* (2% no). 


eer 
as [y,| = [¥3] + 3 = (@,| + 5 ([Bs] +[B,]) the possible 


range of available for a given is given by the vertical 





belt shown enclosing the ~circle, 


For the required value of ; 


[73] = [re] - 48] > B] + 3 (Pe) - BA) 
and the locus of satisfactory values for is another line para- 
llel to the susceptance axis, this time through [¢s] From an 
intersection, foliowing in a counter-clockwise direction the circle 
u= Up, Which passes through the chosen point, fora distance corres= 
ponding to mp = =, the appropriate value of is reached. 


Only one of the two possible solutions is illustrated in Fig. 192(b). 


The stub lengths 4, and f, may be determined from the 


normalised susceptances and by the method indicated in 


(v) above. 


(vii) Matching by slugs 


In general two degrees of fresdom are needed in a device for 
matching a line to a given load, so that a single slug is not adequate. 
A slug may be combined with another inatching device, such ag a shunt 
stub, The following demonstration will be restricted to the part= 
icular case in which two identical movable */4 slugs are employed. 


Suppose that two A/k slugs are inserted in a line of charact=- 
eristic impedance R, so that the line with the slug present has a 
characteristic impedance %o (m > 1), as shown in Fig. 193(a). 
m 
Suppose that the standing wave ratio on the length ¢ is S and that 


it is required to adjust 44 andto, if possible, so that the line 
at A is properly matched. 

The circle diagram (b} illustrates the procedure. The 
circle us up represents the input impedance of the line to the 


right of D. This circle has as the extremities of a diameter the 
points (S ,» O) and (Ss, 0). For brevity we shall denote this and 


similar circles as the circle (x » 8). The impedance [20] 
corresponus to a point on the circle u = Up» the position of this 
point depending on the exact position of and the value of 
n= ak « It is necessary to convert the locus u= Uy to the 


A 
locus of the impedance » Which is the impedance of 2) 
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Fig. 193 - Matching by double 7/4, sliding 
alugs. 


normalised with respect to Be - This is done by multiplying each 


value of [2p] bym ; the circle labelled Wy is thereby obtained 


(not  u-cirele). The ends of its [R] exis diameter are (Z, ms). 


Aa traverses the circle Wp the input impedance 
= o A 
= —t (normalised with respect toe Be ) atc, tL from D, traces 
another circle ©. (See (i) at the beginning of this section). 
This circle is given by (a ’ 3). To convertthis impedance - 


variation so that it represents the termination of the portion BC 
(normalised with respect to BR) it is necessary to divide each 
impedance W, by mj, the locus of zg is thereby obtained, this 
circle W,' being given by the points ( 1 és 
5? made 
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Hence as the line length dy is varied, with a constant term- 
ination [2x] the input impedance seen looking to the right atc traces 
the circle w,'. 


We now consider the conditions at the sending end. The imped- 
ance to the left of A is Ro, denoted by At (1, 0). (The primed letters 
are here used te denote that the impedance is viewed from the right 
in Fig, 193(a), not from the left as for the unprimed letters). The 
impedance to the left of B is given by Rp where 


Rg 2g = (Es)? ; i.e. Ry = Ee, » and its normalised 


valve is 4, « This gives the point B'. The circle u= 4, which 
™m 


cerrespoms to the standing wave pattern on the line BC is then the 
; i 2 le : A 
eircle Cs » m*), and the distance ‘> from B to C (Fig. 193(a)) is 


given by the change in the 'n'=value of the n~arcs from Bt toc! 
traversed in an anticlockwise direction, i.¢e, 


An, = 2 = n(B') ~ n(C'). 


The condition for a cerrect match at C is that the impedances 
denoted by C and C' should be conjugate. C must therefore Jie at 
the opposite end fran C' ef a vertical chord of the circle u= u). 
Hence it is necessary that the circles u= u, andwW =)! intersect. 
The point Bt always lies inside thet,’ -circle, since the ends of 


: ‘ : iL s 5 a L a 
diameter of this circle are =~ and Bt is the peint ==? 
aS? ; me 
S being greater than 1. Hence for intersection to eccur it is 
necessary that the other end of tnis diameter, [R] =m?, sheuld lie 


outside the wW,'wcircle, i.e; 
L 


me> Sy or s<m. 


Hence matching is possible by this method provided the 
standing wave ratio introduced by the mis-match at the termination 
is not greater than mi. 

The various impedance transformations which occur in this 
method of matching are illustrated by the heavy lines in Fig. 


193(b). Two solutions are possible, but only one is indicated. 
For simplicity the transformation due to the $ transformer AB is 


shown as a straight line from A' to B', As described in (iii) above 
the impedance actually follows a uecircle (after first being normal~ 
ised with respect tod }. The distance t, may be determined dir- 


ectly, as indicated, and the distance 3; can be similarly determined 


when the position ef the load impedance is located on the circle 
us Uy 


The problem of slug~matching is more complicated if the slugs 
are not i in length, but the procedure is the same. The loci are 


still circles, but the mutual relations are more complex and are not 
considered further. 
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(viii) Wide-band stub support (metallic insulator) 


fhe arrangement is illustrated in Fig. 194(a). Suppose 


the characteristic resistances ef the lines FQ, QR are each 2o_ 
ma 


where R, is the characteristic resistance of the main line and m>1l. 

The circle u =u, (Pig. 194(b)} indicates the input admittance of the line 
QP terminated at P in R, for various lengths. If this line ia M, 

in length, Q is the current antinede on this u-circle. If the 


frequency of operation increases so that the line is slightly more 
than ks Q appears as shown, so that the admittance 6 contains a 


, 


small inductive susceptance, If. the input admittance j[B] of the 


stub eS aw of the right magnitude, the resultant admittance, 

0G + QQ* = OQ! brings the admittance back en to the circle u= %> 
and the input admittance of the line RQ at R, terminated as it is at 
Q, is the same as that at P, namely G,, as shown by its normalised 


value a. 
m 


T 


Thus, provided the 
change ef frequency which 
introduces the induttive 
susceptance in the input 
admittance at Q produces 
just the right capadtive 
susceptance in the input 








fap Rofn A, {Rom | 
‘4 


admittance of the stub QT, a 
& Wide=band match is 
obtained. @) 


If the character- 
istic resistance ef the 
stub is Ro , it may be 


t 
saown that the conditien 
for a correct match is 
given by 
t = 2m (m2 - 1). 
A particular case arises 
when t=ms 2. In 





; (b) 
this case the same 
thickness of inner cable 
may be used for both the 194. - Wide-band s 
stub and the thickenea Pe a s SE eer 
line PR. 
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INTRODUCTION 





1. General 





We have seen in Chap, 4 that electromagnetic waves may be 
propagated between a pair of parallel conducting cylinders or between 
a pair of cosxial cylinders and that the transmiasion line system so 
formed provides a convenient means for conveying high frequency 
power from a source to a lead. It is also possible to pass an 
electromagnetic wave along the inside of a metal tube and, for 
various reasons which will be elaborated below, this is a desirable 
procedure at centimetre wavelengths. In place of the metal tube a 
dielectric rod is sometimes used, The tube or rod used for this 
purpose is called a waveguide. Whereas it was convenient to discuss 
propagation on transmission lines in terms of the voltages and currents 
associated with the wave disturbance it is more useful in the study 
of waveguides to concentrate attention on the electric and magnetic 
fields of the wave in the tube. It is useful, therefore, before 
proceeding to a detailed discussion of waveguide propagation to sun— 
marise the principle features of theelectromagnetic fields of waves 
in free space and on transmission lines. 





Fige 195 - Field distributions in a 
plane polarised electromagetic plane wave, 


2e Properties of Electromagnetic Waves in Free Space 


Fige 195 depicts a sinusoidal plane-polarised electro- 
magnetic plane wave travelling in an unlimited medium; its properties 
are as follows :~ 


(i) The wave comprises oscillations of an electric field 


E and a magnetic field H in directions at right angles 
to each other and to the direction of propagation, 
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(ii) the waves are transverse both in B and H and are, 
therefore, of the type called TEM (Transverse-Electro- 
Magnetic); that is, there is no component of E or H 
in the direction of propagation, 


(444) The velocity of propagation in free space is equal to 
c, the velocity of light (3 x 108 m/sec.) Ina 
medium of dielectric constant K and permeability P 
the velocity is 


AR 


(iv) E and H oscillate in phase with each other when the 
medium is non-conducting, 





9 


(v) The amplitudes of E and H are constant all over a 
wave front. 


3e Behaviour of an Electromagnetic Field at the Surface of A Conductor 


The electromagnetic fields of waves on transmission lines 
and in waveguides are bounded by metal surfaces; consequently, to 
appreciate the forms of the field patterns it is essential to know 
how such fields behave at a metal surface at high frequencies. 


It is assumed in the first instance that the metal has 
infinite electrical conductivity, It can be shown that the electric 
field E is perpendicular to the metal at its surface (as in electro- 
statics), or, in other words, the tangential component of the electric 
field vanishes at the surface of a perfect conductor. The magnetic 
field H of the wave is everywhere tangential to the surface; that 
is, there is no normal component of H at the surface. His zero in- 
side the conductor, (Fig. 196). To support the discontinuity in H 
at the surface, i.¢., to allow the magnetic field to change suddenly 
from H to zero in crossing the conducting surface from without to 
within the conductor, there is a current sheet at the surface of the 
conductor. 


Since any metal 
possesses a finite conduct- 
ivity the above description 
of the electromagnetic field 
idealises the actual con- 
ditions, but the behaviour CURRENT. SHEET AT 
in the ideal case is a very MAGNETIC INTENSITY =H SURFACECINTO PAPER) 
close approximation to the 
actual behaviour at a metal 
surface when the frequency MAGNETIC INTENSITY ZERO 
of the wave is high. At 
low frequencies electro- 





magnetic fields penetrate Fig. 196 - Behaviour of electro- 
deeply into the interior of magnetic field at conducting 
a conducting medium and the surface, 


corresponding currents are 

distributed throughout a 

volume of the medium, As the frequency is inereased, however, the 
currents are crowded more and more into the surface of the conductor 
and the fields penetrate less and less deeply. This is the well lnowm 
phenomenon of Skin Effect. 
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ie Waves guided Pairs of Conductors (Transmission Lines 


We will now discuss the properties of a wave travelling 
along a transmission line, They are very Similar to those of the 
freely travelling waves in an unbounded medium already mentioned, 
Figs. 197 (a) and (b) represent sections of parallel pairs of long 
conducting cylinders whose contours are of arbitrary form but the 
same for each cylinder along its whole length, 








E 


© CURRENT ouT oF PAPER (JO 
@) ® CURRENT INTO PAPER ( ) 


Fige 197 - Cross-section of TEX- 
wave carried by conducting cylinders. 


The figures indicate the patterns formed by the lines of 
E and H; (Since other types of wave-can also be carried by the trans- 
mission lines the wave here discussed is usually called the Principal 
Wave). The wave system has the following properties ;- 


(4) 


(44) 


(444) 


(iv) 
(v) 


The wave is propagated parallel to the axes of the 
cylinders, and is transverse both in E end H; i.e, 
the electric and magnetic fields are each perpendicular 
to the direction of travel and lie in a plane para- 
llel to the wave front as shown in Pig. 197. 


The pattern formed by the electric lines of force 

is that of the two-dimensional electrostatic field 

obtained by maintaining the cylinders (supposed 

infinitely long) at a suitable difference of 

potential. Hence, each line of force arises from a ; 
surface charge on one conductor and ends on a surface 
charge of opposite sign on the other conductor, The 
lines also cut the surface of the conductors at right 
anglese 

(Boundary conditions, Sec. 3). 


The lines of magnetic force surround one or both con~ 
ductors and form a pattern which is the seme as that 
obtained by a suitable steady current along the 
cylinders but in opposite directions in each. When 
a high frequency wave is transmitted the current in 
the conductor is entirely superficial, and the com 
tour of each conductor in the section is followed by 
the neighbouring magnetic lines. 


At all points the two fields are mutually perpendicular. 


The velocity of the wave is the same as that for the 
unguided wave and is the same for all frequencies. 
There is no limit to the frequency of the wave which 
can be propagated, 
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5» Limitations of Cables and Adventages of Waveguides at Centimetre 
Wavelengths 


As explained in Chap. 4 Secs. 41 - 45, one limitation to 
the general use of coaxial cables at centimetre wavelengths is set by 
excessive absorption of power, This absorption arises both from 
ohmic heating of the conductors and from internal logs in the di- 
electric, the former loss increasing in proportion to the square root 
of the frequency and the latter to the frequency itself. In both 
oases the loss is accentuated by tHe presence of the immer conductor. 
The currents responsible for the ohmic logs are equal in magnitude in 
the inner and outer conductors, but since they are forced by the skin 
effect to flow in the surface layers of these conductors they dissi-~ 
pate most of their energy in the inner conductor which has the snaller 
surface. The dielectric loss increases with the field strength, and 
since the field is greater near the inner conductor these losses also 
are concentrated there, 


It is to be anticipated, therefore, that when electro- 
magnetic waves are propagated in tubes, in which both inner conductor 
and dielectric are absent, the attenuation is relatively mall and 
comparable with that due to the outer conductor of a cosxial cable of 
the same dimensions. Such tubes are kmown as Waveguides and because 
of the small attenuation suffered by electromagnetic waves in then 
they are often preferred to cables in applications using centimetre 
wavelengths. A dielectric rod or tube may also be used as a wave- 
guide, but in such a case the attenuation due to the presence of the 
dielectric is likely to exceed that due to the finite conductivity of 
the metal in an air=spaced coaxial trananission line. The precise 
attenuation coefficient in a waveguide depends on the wavelength, 
cross-section and form of wave, but whereas in a good cable the 
attenuation coefficient for a wave of length 10 an. is of the order of 
0°5 db/metre, in a waveguide it can be of the order of 0-025 db/netre. 
At wavelengths of 3 centimetres the attenuation coefficient in the 
cable would exceed 1 db/metre and that in the guide would have risen 
to 0.075 dbfmetres. It therefore follows that cables would not be 
used at wavelengths of 3 centimetres except in very short lengths. 


Loss of energy fran a wave as it travels along a trans— 
mission line is objectionable not only because it weakens the signal 
which arrives at the other end, but also because of the undesirable 
heating produced by the wasted energy. In the case of high power 
trangnission this heating is often sufficient to soften the polythene 
(softening point about 100°G) in the cable and cause breakdown, 


6. Waves in Waveguides d with those in Free ce and on 
Trenmmission Lines 


The salient features of waves in guides are as follows t- 


(4) The oscillations of E and H are not both transverse 
and it is convenient to classify waves in guides into 
two principal types. Two different nomenclatures 
are in use for describing the waves. Sometimes the 
wawe is knom in terms of that field component which 
is entirely transverse; it is called, for example, a 
Transverse Electric, or TE wave. Sometimes the same 
wave is ksowm in terms of the field canponent which 
has a longitudinal component, a wave with a longi- 
tudinal H-component, for exemple, being called an 
H-wave. The two principal types are therefore :- 
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(a) H-waves 
Transverse Hlectria 
(TE) waves, 


Se on are 


in which the electric 
field E is entirely 
transverse but the 


He H 
magnetic field H é tg 
possesses a component f 5 
H, in the direction S 2 

(a) (b) 


of propagation 
(longitudinal com 
ponent) as well as a 
transverse component 
Hy, Fige 198(e2). Ay Fig. 198 — Component vectors 
and Hy, oscillate in of E-waves and H-waves. 


quadrature so that 

the resultant H 

vibration is ellip- 

tical. Et and E vibrate in phase, 


—— > DIRECTION OF PROPAGATION 


(b) E-waves 
Transverse Magnetic (TM) ) 
waves, 
characterised by entirely tranverse oscillations of 
H but in which E has a longitudinal component, Ez 
(Fig. 198 (b)). Ey and BE, oscillate in quadrature 
so that the resulting E vibration is elliptical. 


(4) The amplitudes of E and H are not constant over a wave 
front. In the simple case of a rectangular tube they vary 
sinusoidally across the tube. 


(iit) The presence of the longitudinal component of either the 
E or the H field causes the wave front to travel faster 
than the energy of the wave, The velocity of the wave 
front is called the Phase Velocity Ups whilst the speed 


with which energy is tranamitted along the guide is called 
the Group Velocity ug. It may be shown that in all 
cases i= 


2 
Uy * Ug = Ce 
The wavelength Ag of a wave in a guide exceeds the wave- 


length A of the free space wave of the same frequency 
since ;= 


Up = fAg andc=fA, 


(iv) Electromagnetic disturbances are propagated as waves 

inside a metal tube only if the free space wavelength 

( A = off) is less than a critical value A., called 
the Cut-off Wavelength. The corresponding frequency 

£4 = ¢/ \q is called the Cut-off Frequency. The cut- 
off wavelength is determined by the type of wave and the 
geometry and dimensions of the cross-section of the tube, 
‘but in a given tube the greatest value of Ac is of the 
order of magnitude of the larger cross-sectional dimension 


of the guide. 
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(s) The following relation exists between the wavelength 
A g of a wave in a guide, its cut-off wavelength 


A, and the free-space wavelength A j= 


1 * 1 + 21; 


5 + 
Agi a2 Ag 


multiplication by 1/f% gives :- 


ee ee 
uz oe f° AG 


The phase welocity By in the guide is evidently a function 


of the frequency; whereas the velocity in free space is the same for 
all frequencies. 


WAVES IN A RECTANGULAR TUBE 
7. Synthesis of an H-Wave 


Most of the important features of waves travelling in 
guides oan he derived quite easily from a consideration of the case of 
a rectangular guide carrying a simple form of Hewave know as the H) 


wave. This derivation is so instructive that it will be given'in 
detail and the important points brought out. For more complicated 
cases results only will be quoted and no detailed derivation will be 
given, There are no importent fundamental points which cannot be seen 
from the simple treatment now to be given, and it should not be thought 
that any complicated "mathematical" analysis can give any deeper in- 
sight into the phenomena. 


The method of approach is as follows. We shall show that 
-if a train of plane. electromagnetic waves is incident obliquely om a 
perfectly conducting sheet of metal then the incident end reflected 
waves combine to produce outside the metal a composite wave in which 
the motion appears to take place in a direction parallel to the sur- 
face of the metal. This moving wave system can, if we wish, be 
thought of as a peculiar type of wave guided by a single infinite 
metal sheet. Precisely the same wave disturbance is produced when a 
wave is incident at an angle on to a plane surface of the earth which 
can be considered to be perfectly conducting. A detailed discussion 
of this case of an incident wave combining: With its reflected wave 
after reflection from the surface of the earth is given in Chap. 17. 
We shall also show that in this type of wave the smplitudes of the 
electromagnetic fields alter as we cross the wave front and moreover 
the fields are not entirely transverse to the direction of advancement 
of the wave, If now we wish to insert in the guided wave another metal 
sheet parallel to the first to form an opposite boundary of a wave- 
guide we find in general that it will disturb the wave pattern, It 
is found, however, that a metal sheet can be inserted without dis- 
turbing the wave system in certain planes where the magnitudes and 
directions of the fields are suitable, Under these conditions we 
have a wave system which is guided between two parallel planes which 
can be thought of as two opposite sides of a waveguide. We next show 
that the insertion of a second pair of plates perpendicular to the 
first pair will not disturb the wave, and thus we have built up a 
type of wave which can travel in a rectangular guide. 


We now conduct the synthesis in detail. Let AB re- 
present a metal sheet of infinite conductivity and suppose that a 
train of plane waves incident upon it in air (ideally, vacuun) di- 
electric, Pig. 199 (a), gives rise to an equal reflected wave (b). 
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fhe diagrams illustrate the distribution of fields in space at any 
chosen instant. The full lines are wave fronts over which E snd H 
have maximun values; over the dotted lines mid-way between, E and H 
are everywhere zero, The section through the wave fronts ia so chosen 
that the magnetic vectors H (represented by arrows on the full lines} 
lie in the plene of the paper, and the electric vectors E (represented 
by circles with a dot or cross inside) stand perpendicular to the 
plane of the paper. A is the free~space wavelength, and the arrows c 
indicate the directions of the incident and reflected waves. Between 
one full line and the next there is a complete reversal of both E and 
H fields, corresponding to a phase shift of 180°, Consequently, the 
separation of the full lines is A. 

2 





(c) ——-— RESULTANT H ~ FIELD 
© E OUT OF PAPER 
@ E INTO PAPER 


4 
(d) 


Fig. 199 = Synthesis of an Hoy aves 


As the time t changes the patterns move in the directions indicated by 
the arrows perpendicular to the wave fronts and with the velocity of 
light c. In Fig. 199 (c) the two wave trains are shown passing across 
the same region of space by superimposing the patterns show at (a) 

and (b). The c- arrows are moved to the extremities of the wave fronts 
in order not to confuse the diagram, The resultant Hefield at any 
point is obtained by adding the two vector magnetic fields of the 


223 


Chape5, Sect.7,8 


original wave trains. The direction of the resultant H-field is 
indicated by the arrows on the heavy lines. At certain points of the 
pattern the direction of the resultant field may be seen by inspection, 
For instance, at all points on a dotted wave front the fields of that 
wave train are zero and the resultant field is that of the other wave 
train, Thus, along a dotted line the direction of H is parallel to 
the wave fronts of the other wave system, as for example at the point 
Pe. Where two dotted lines cross there is no field whatsoever, At 
& point of intersection of two full lines the resultant field H is 
directed along the bisector, either of the acute, or of the obtuse 
angle between the full lines according to the relative directions of 
the arrows appropriate to the intersecting wave frontse The points 
Q and R of Fig. 199 (c), shom separately in Pig. 199 (d), provide 


examples, 


When the directions of the resultant magnetic field are 
indicated by arrows at a sufficient number of points it is possible 
to sketch the lines of magnetic force in the pattern of the resultant 
field, These are seen to be closed curves whose precise form is 
determined by the angle of incidence of the original wave. As the 
centre of each magnetic loop is a point of intersection of two dotted 
lines there is zero resultant magnetic or electric field there, 


Since the electric fields of the elementary plane waves 
shown at (a) and (b) are everywhere directed either up or down per~ 
pendicdar to the plane of the paper, the resultant electric field 
in the pattern shown at (c) is also normal to the plane of the paper 
and attains a maximm strength twice that of the field in the separate 
wave trains. The circles with a cross or dot within indicate the 
sense of the local resultant electric field, It is to be understood 
that the pattern extends in depth into arid out of the plane of the 
papers 


8. Pattern Velocity (Phase Yelocai of H-waves 


A fixed feature of the pattern shown in Fig. 199 (c), such 
as the resultant magnetic field at the point Q, is associated with a 
point of intersection of two wave fronts of the wave trains shown at 
(a) and (b). The two wave fronts intersecting at Q are shown as 
QF and QG in Fig. 200. 


As the weve fronts QF and QG travel in the ray directions 
FK and GK respectively, at velocity c, their point of intersection Q 
travels at velocity Up in the direction L'M'; moreover Q moves from 


Q to K in the time taken for F to move fram F to K or G from G to K 
Let the angle FKQ (equal to GR) be &s then, since the angles KiQ 
and KGQ are right angles, it follows that :—- 


* = - 1/eos & = Ag (Sec. 6 (i44)), 
c FE A 
we U, = cfoosa = cated. 
It is convenient at this point to summarise what has already 
been deduced in this section. We have seen that when a plane electro- 
magnetic wave is incident obliquely on a metal sheet it combines with 
its reflected wave to synthesise a new type of wave in which the 
electric and magnetic field patterns are quite different from those of 
the constituent plane polarised waves. The direction of propagation 
of the new wave is parallel to the plane of the metal and the pattern 
velocity Wp is greater than the velocity c. It is shown that YW = 


c/cos & , where Q is the angle of incidence of the original wave om 


to the metal. 994 
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Let us now examine 
in more detail the nature of 
the electric and magnetic fields 
over the wave system. Over 
planes such as XY and X'y* 

Fig. 199 (c)) which separate 
two layers of magnetic leops, 
the magnetic field is 
tangential te the plane and 

the electrie field is zero at 
all points of the plane. Such 
planes are nedal planes of E. . 
Conversely, at the intervening 
planes such as LM, L'M' the 
magnetic field is perpendicular 
to these planes and the electric 
field reaches its maximum 
values. The distance ST, con- 
taining two complete leops as 
shown, is the wavelength Ng 


of the compesite pattern sinee 





Fig. 200 ~ Illustration of 
phase velocity 


the pattern repeats identically in a displacement of this amount 


perallel te XY. 


The cemposite pattern shom in Fig. 199 (c) refers 


te a chosen instant of time, but as the patterns of the elementary waves 
shown at (a) and (b) move obliquely with a velocity c, se is the 
composite pattern displaced without distertion in the direction of 
symectry XY at anether velocity Wye 


The magnetie field easprises a system of clesed loops and 
consequently pessesses in genersl a compenent H in the direction ef 


prepagatien; 


the electrie field E is entirely transverse but its 


amplitude varies in a direction perpendicular te the direction of 


propagation XY end lying in the plane of EH. 


called an H-wave in See. 6. 


This wave is of the type 


Tho H-wave is, as yet, of unlimited extent and it is 
necessary te discever whether such a wave een be caused te travel dom 


a metal tube. 


We prececd in stages by considering first the possib- 


ility of prepagating an H-wave between a pair of parallel metal plates 


of unlimited extent, 


9 tien Between Parallel Plates and in Rect: 


mentioned, ever the nedal E-planes IY, I'Y', 
Which separate adjacent layers of magnetic loops, 


etc. (Fig. 199 (e)) 


ubes 


the eleetrie veoter vanishes, ond the magnetic vecter is tangential to 


these planes, Referense te‘ 
Sec. 3 shews that over these 
nodal planes, the behavieur 
ef the electromagetic field 
ef the H-wave is the same as 
that at the surfaee of a per- 
feet ecenducter. If, thaere- 
fere, a perfectly conducting 
plate is inserted inte the 
wave pattern of Fig. 199(c) 
te esinoide with a nedal 
Eeplane such as XY, the 
pattern abeve the plate is 
undisturbed end that below 
may be removed. The pattern 
abeve is supported by trans- 
verse surface currents i as 


~~ 


7 





Pig. 201 ~ Positions of nodal 
planes. 
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“indicated in Pig, 201. 


It is, therefore, pessible to insert a secend metal sheet 
at any ef these planes te form with the first a pair ef sides of a 
Waveguide, The secend plate may be inserted so that it coincides 
With ene ef the 





Pig. 202 = Three-Layer H-wave, 


Te convert the parallel plate systen inte a rectangular 
tube it is necessary te insert side walls in sueh a way that the bound- 
ary conditions te be satisfied at the wall surfaee are eensistent with 
the preservation ef the wave pattern, The walls must evidently be 
inserted as shem in Fig. 203, that is, the wall surfaces are parallel 
te the planes containing the magnetie leops, . Consequently H is 
everywhere tangential te these Walls and, as indicated in the figure, 

E is perpendieular to then, he separation a in thé present instanee 
ean be given any value. 


An H-wave ef the 
nature deseribed abeve is 
met the enly type ef wave that 
ean be propagated in a reat- 
engular tube and it is there- 
fore cenvenient at this stage 
te give the H-wave under 
discussion its usual designa~ 
tien, A wave of the type 
shewn in Fig. 203, but with 
@ mmber n ef complete layers 
ef magnetie leeps in the 'b! 
dimensien is called an Hon 


(er TEy,) wave. That shown 
in Pig. 203 is, therefore, an Fige 203 « Ho3-wave in 


Hoy wave, rectangular guide, 
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The interpretation of the suffix zero is as follows i= 
if we choose any starting point on the face AB (Fig. 203) and move 
parallel to AD aeress to the opposite point on the wall OD, no 
variation in any component of H or E cecurs. The suffix zero in- 
dicates this independence of E ana H of displacements parallel te the 
edge ‘a’ of the tube section. On the other hané, in meving parallel 
te AB from the face AD to the face BC n layers of H-leeps are cressed 
(or, more accurately, n half«cycles ef variation in any ene ef the 
components of E or H are observed). 


Of the pessible H,,- waves in rectangular waveguides one is 
of outstanding practical importance; it is the Ho)- wave md it will 
be further discussed below. 


10. The Hol~-wave ina Rectangular Guide 


This wave, as the suffixes indicate, contains only a 
single layer of H-loops between the faces AD an@ BC (Fig. 203) and 
corresponds to the case in which conducting pletes are inserted at 
adjacent nedal planes X¥ and X'Y' (Fig. 201). Pig. 204 represents 
a section parallel to both the H~field and the Grection ef propagation 
ef an Hoj-wave in a rectangular waveguide. 


The 
wave fronts (e.g. AC) 
of the elementary 
plane waves reflected 
from plate to plate 
are shown, as well as ee ap 
@ magnetic loop of o A per 
the resultant Ho)-wave. a : ee ise 
The ray direction : 
cerresponding te the € 
wave front AC is BO and 
it is suppesed that | 
this ray makes an oa 
angle of elevation 
with tke reflecting 
planes, as shom. The 








baad sl ™~ - 
X= od = 
RTT TLD ELIT LTE LL LITE AT ALEPPO ET 





d@istence BOis A/_ . a - 
weara d ds the free- Fige 204 ~ Section of Ho. wave 
gpace wavelength ef the in a rectangular guide. 


Waves, and CO = A g/4> 
where A, is the wave- 
length of the Hp)-wave in the guide. 


From the diagram we deduce :~ 
sin Qs BO/AO = r/o SSCA EAOSHORO THOSE CELE Ee (1)> 


cos Gd = BO/CO = Sng = fs, sone cetoeceseorree (2). 


Squaring both (1) and (2), an@ adding, gives 
(Ape)? + ( AZa,) 22, 


so that 
2 i i 
(i) OOOOH COTE OOH HO DOR OCH REE (3). 
Ag Az (2p)? ° 
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Equations (1), (2) and (3) are easily adapted to cover the 
case of an Hy,-wave by replacing b everywhere by b/n, since the 


distance b now spans n layers of magnetic loops instead of a single 
layer, and QA becomes b/2n, 


Thus, sin A= Rh N/2bivsiakaateneens sees suaneedes La). 
cos Qe Yang ofa, ooecceccconencesces ee (2a), 
V/ a," = 1/2 - (n/28)oseveweseavedsccaaws (30) 


ll. Cut-Off Wavelength of the Hq)-wave 





If a wave which has 
a wavelength A in free space 
is to be fitted into a tube by 
reflection back and forth 
between faces we have seen that 
it must be inclined so that 
the distance between nodal. 
planes is equal to 1/nth of the 
distance b between the faces 
where n is any integer, 
Fig. 205 shows that if dAis 
less than b this can be done 
forn=l1. As A deoreases, 
the steepness of incidence of 
the wave will decrease and 
all wavelengths down to zero 





can be fitted into the tube, WAVE FRONTS OF 
As A tends to zero the COMPONENT er 
2 


original wave tends to travel 

along the surface of the metal. 

Incident and reflected waves 

tend to coincide and the pattern Fige 205 - Hp) “wave: 

velocity approximates to that 3 : i 

in free space. As the free~ relative dimensions. 

space wavelength increases the 

original wave has to be more steeply incident on the surface of the 
metal. Reference to Fig. 200 shows that the pattern velocity increases 
and finally, when the original wave is incident normally on the metal, 
the pattern velocity is infinite. Under these conditions the incident 
and reflected waves combine to give a standing wave system with nodal 
planes at the two metal surfaces. This limit is reached when the 
distance b is equal to $ A , and waves which have wavelengths greater 
than 


Ac = 2b SeeSe See eeseesesse ese neaeseeeseeaeseseseseesees (4) 
cannot be propagated down the guide. The corresponding frequency, 
given by 


f= Cc = Ss > SCOTCH SHE SHH ESTEE HEHOEL EEE SEE SHE SES (5) 


3S Ries 2b 





is called the Cut-Off Frequency for the guide and the corresponding 
free space wavelength A, is called the Cut-Off Wavelength, The cut- 


off wavelength for an H,.-wave is given by 


nr = 20 SOCSCSHATEHSHHHS SHH EHS HHHHTHESHESCHEH ER SO CHSTERE (4a). 


S n 
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We have already deduced the following relation (3a) between 
the free-space wavelength and the pattern wavelength in the guide for 
an Ho, wave s- 


2 2 2 
(~L-) “= (—) ~ (BA), 
Ng 2 
and we now see that this can be written := 


1)y2. i- ak 6 
es ) are Roe SHSOHOCESESEHEHEOESHEOHOHOEESCHHEH OED ( ys 


which is an expression of very general validity- 
12. Evanescent Modes 


It is of interest to enquire what kind of disturbance re- 
sults if we put electromagnetic energy into a guide with a frequency 
corresponding to a free space wavelength of greater than A e We have 


jast seen that no wave-motion is possible. What then does happen? 


In order to examine this problem let us write the equation 
for a wave of frequency f and wavelength Ag in the complex exponential 
form where y is the magnitude of the disturbance at a distance x from 
the origin. 


. x 
2 Wji(ft xD 


SH SHSHHOSSHSTOHEEOHEHOHEEOS (7). 


Y=zI¥o € 


In the case where the free space wavelength is greater than the cute 
off wavelength (A> A,) the equatien (6) shows us that +, is 


negative so that + is a purely imaginary quantity which se be written:- 
. g 


2 R Sia. 
Ag 
The wave motion of equation (7) then becomes := 
Y=J c2M J (te sjax) 


= y,€ + 27x ; g J2net 
This expression (8) represents not a travelling wave motion but a 
disturbance in which the fields at all distances (x) oscillate in the 

" game phase with the frequency f (factor ¢J2Nft) but their amplitudes 
die away exponentially with increasing distances (facter p=27 a x), 

A disturbance of this type is called an Evanescent Mode. Evanesoent 
modes are important for the understanding of the behaviour of obstacles 
and irregularities in waveguides. The exponential diminutien of 
amplitude with distance also finds an important practical applicatien 
in the piston attenuator (Sec. 24). 


13. Cut-Off Wavelength: of Different Modes of H-Waves 


Expression (4a) shows that the higher the order of mode 
(i.e, the larger n) the smaller becomes its cut~off wavelength A ai 
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the tube of given dimension b, When A exceeds 2. for a certain 


mode in a given guide any electromagnetic disturbance in this mode must 
be of the.evanescent type. 


In a given tube there are no modes with cut-off wavelengths 
greater than that of the Hoj-mode. The mode is therefore of great 
practical importance, for it is possible to convey power down a guide 
of suitable dimensions by the Hy)-wave alone and to exclude other modes 
except where they may be excited in an evanescent form by obstacles or 
at the source, It is thus possible to radiate from the end of a 
guide into a mirror in a predictable manner because the distribution 
of field across the end of the guide is due to the Hoj~wave alone. 
There are also other advantages, connected with switching and matching, 
in retaining only a single travelling wave in the guide. 


AS a practical example, we consider a waveguide which has 
been used in practice at a wavelength of about 9 an. Its sectional 
dimensions are a= 1"; b = 25", (Fig. 203). Thus, corresponding to 
dimension a, the cut-off wavelength of the Hpj-mode is gA¢q = 2" = 
5°1 an, and to dimension b, pA¢g = 5" = 12-7 aa. It is possible, 
therefore, to propagate in this guide an Hoj--wave at A= 9 an. only 
if the plane of its magnetic loops lies parallel to the edge b, since 
are SA <pAg The polarisation of the E vector in the wave is not, 
therefore, ambiguous. With A= 9°1 cn. and 2b = 12°7 an. we find 

QO = 45° and Ag = 13 ane The corresponding’ cut-off wavelengths 
of the Hop mode are = gAg = 1" = 2°54 am. and = pAc = 23" = 6°35 am 
This and higher modes are, therefore, evanescent for waves of 

A= 9 cae 


14. Method of Launching an Hoj-weve in a Rectangular Waveguide 








4, E 
vy PROB! 


SHORT-CIRCUITING PISTON 


Fige 206 = Launching an Hy “wave . 


Fig. 206 indicates the canmonest method of launching an 
Hoj-wave in a rectangular guide. A probe, usually the extension of 
the inner conductor of a short length of coaxial tranamission line, 
protrudes through the centre of one of the broad walls of the guide a 
distance A/,, (not A,/i) into the guide. It then radiates as an 
aerial into the guide space. As it is not generally required to 
divide the stream of power, the guide to one side of the probe is 
closed by a short-circuiting piston whose position can be adjusted 
to cause the short length of guide between it and the probe to act as 
a matching reactance, The correct position of the piston will be 
roughly Ag/ from the probe. Near the probe the electromagnetic 
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field is complicated and consists of an Hoj-mode with evanescent modes 


superimposed, but at a sufficient distance down the guide the field 
simplifies to that of a travelling Hpj-wave, as indication in Fig. 206, 


15. Wall Currents in the caze of the Ho. ~wave 





Surface currents flow on the walls of the guide to support 
the tangential components of the magnetic field of the wave pattern at 
the metal surface, We consider the case of the Hoj-wave. 


8 —— 





w---- MAGNETIC LINES 
CURRENT 





Fige 207 = Wall currents: H)-wave. 


Fig. 207 illustrates the instantaneous directions of flow of the surface 
currents in the walls of a rectangular guide in relation to the mag- 
netic field, The current flows everywhere at right angles to the 
magnetic field at the walls. Thus, on the face ADEF to which the 
magnetic loops are parallel, the currents comverge on the area around 
P and diverge from Q. Thus positive charge is begiming to accunulate 
around P and negative charge around Q. There are no fields, how~ 
ever, at Pand Q. The region around R carries negative charge and 
the opposite region on the opposite face of the guide carries positive 
charge, The transverse electric field of the wave is a maximm at 
the section R but is zero at P ané g. ‘The currents on the wall ABCD 
and the opposite wall are entirely transverse, as show, and the 

whole current pattern is carried along with the rest of the wave 
pattern at speed Ups 


It is important to appreciate the pattern of current flow 
in the walls when deciding where a hole or slot may be placed. In 
a standing-wave indicator, for instance, it may be necessary to cut a 
long slot in one of the walls parallel to the axis of the guide in 
order to insert a probe into the field. If the slot were placed in 
the wall ABCD or its opposite, and ran parallel to AD, it would 
clearly rum across the currents in the wall, The flow of the currents 
would be disturbed and the slot would radiate into space, The slot 
may however be cut in the centre of the face ADEF along the line Pre, 
so that there are no currents perpendicular to it, and if the slot is 
narrow the wave within the tube is unaffected by the slot. The 
radiation of energy from slots in waveguides is further considered in 


Chap. 17. Seca. 5h - 560 


16. Eqprwaves and Hyp -weves 





by following the procedure of Sec. 7 we may also synthesise 
an E,,-wave capable of propagation between a pair of parallel conducting 
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planes from a pair of simple plane polarised electromagnetic waves. 
It will suffice to indicate the procedure. 


We begin with a plane wave incident obliquely on a metal as 
in Fig.199 but with the E and H positions of the lines interchanged. 
Thus, in Figs. 199 (a) and (b) we suppose the vectors E to lie in the 
plane of the paper and H to stand perpendicular to the plane of the 
paper. Oonsequently, in the modified diagram the arrows along the 
wavefronts represent the direction of E and the circles with a cross 
or dot within represent H, With the directions of ¢c as show, how 
ever, when the arrows are also dram as shown, it is necessary to re~ 
werse the sense of the H vectors from those indicated by the circles. 


In the composite 
diagram Fig. 199 (c) the 
closed loops now represent 
the B-lines and the cirales 
(with their senses reversed) 

the H-lines, The wave, 
is, therefore, an E-wave 
(TM wave). To imprison 

n loops of this wave © H QUT OF PAPER 
pattern between a pair of @ H INTO PAPER 
parallel conducting plates (a) 

it is again necessary to 
insert the plates into the 
pattern im positions suoh 
that the electromagnetic 
boundary conditions are 
not infringed, Since the 
closed loops are now E~ 
lines and the transverse 
lines those of H, the 
correct positions.for the 
plates are any two of the 
planes IM, L'M*, eto, 
over which the tangential 
component of E vanishes and 
H is entirely transwerse. 
A cross-section of an 
Eop7 weve between two 


plates is showain Fig. 








‘208 (a), and a view into Fig. 208 ~ E,,-wave between 
the advancing weve in 
Figs 208 (b). parallel plates. 


The formulae for cut-off wavelength A, and wavelength A g 
between the plates are the same as those for the H,,-wave, i.¢., 
eqyations (la) to (4a) in sections 10. 


When, however, an attempt is made to transform the pair 
of plates imto a tube by putting in side walis the wave system is 
disturbed since H is.normal to these walls and E entirely tangential. 
Thus, there is no Eoy-wave in a rectangular tube. The simplest E-wave 
in a rectanguler tube is the E,,~wave whose pattern is shown in 
Fige 209, but is not derived. Pig. 209 (a) represents a central 
section of the guide containing the axis and parallel to one of the 
walls, The electric lines of force are in the form of loops which 
meet the walls perpendicularly. Along the axis the lines are grouped 
into bundles. Figs 209 (b) is a transverse section of the wave pattern 
at the position P in (a) with the wave approaching the observer. The 
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centre of the section is a source of electric lines which diverge from 
an axial bundle and terminate on the walls. 


The magnetic field 
is entirely transverse and 
consists of closed loops 
surrounding the central 
bundle of electric lines as 
shown. The pattern in the a 
section at Q (a) is the aes 
seme as that-shown at (b) 
but with the directions of 
the fields ewerywhere re- 
versed, The central 





region of the section, (a) © H INTO PAPER 
therefore, is a “sink" of © H OUT OF PAPER 
electric lines imstead of a 







SOUrCE.s FARES 
¢ feS vet. y 

One method (but i___ eres ° “oe 
not the simplest) of de- ee 
dueing the form of the B,3~ (b) a caer 
wave pattern is to build * 
up the wave from an original 
plane wave sent into the 
tube in a suitable direction Fig. 209 ~- E,,-wave ina 
so that successive reflections pee Vax tubes 


occur from all four walls. 
The plane of polarisation of 
the original wave must also 
be chosen appropriately. 


It can be show that if a and b are the cross-sectional 
dimensions of the guide then the wavelength ‘gy is given by :- 


2 
ar a, - (G5 + Ge cepayeeeacshoadens aN: 


The cut-off wavelength may be deduced from equation (1), since when 
AzAQ the wavekength in the guide is infinite. 


Hence ee 1 2 io 
“ae 7 (Cm) * Gf: 
ec 
2 2 
Lees i = qo + Lo OHO EO HELE HOH TETHEHEOHOO®S 10}. 
2. = dy? + Gp scegsen@e) 
ec 


The gener2l E,,-wave (TMy,) may be considered as a mmber 
ma of E,}-waves squsezed imto a single tube so that individual patterns 
fit together to form a single large pattern. For instance, Fig. 210 
shows a transverse section of the field pattern of an Ezg-wave at a 


position where the E-lines are diverging from the axiel bundles. 
This takes the form of an overall pattern in which the unit is the Ey 


- @istribution, Further, in any pair of adjacent unit patterns the 
one has a source at its centre P and the other a sink Qe By inter- 
posing metallic partitions these patterns could be isolated into m 
independent E,j-wavese The suffix n is usually associated with the 
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horizontal dimension a, and m with vertical dimension b. It may be 
inferred frem formula (2) above that, since the equivalent sectional 
dimensions of one of the constituent E,)-waves are afin and b/n, the 
cut-off wavelength of the E,,.-wave is given by :~ 


RE =(2)? +( Bo) CHOC TEHEOE TEOHROH HOE DESESE (11). 


Like the E.-wave, the Hy~wave can also be considered as 
an assemblage of unit patterns of a simpler wave, in this case the 
7 abe whese sectional pattern is shomm in Fig. 211. ‘The corners of 
e section are sources and sinks of H-lines which run dow the tube 
as bundles located in the corners. Each magnetic line forms a clesed 
loop. The electric lines are entirely transverse as shown. 
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|-_— @ | 
WAVE ADVANCING OUT OF PAPER 
Ex2-WAVE IN A RECTANGULAR GUIDE wy 
Pige 210 - By p-wave in a rect- Fig. 211 - By, -wave in 
angular guide . a rectangular guide. 


The transverse pattern of the Byywweve comprises um wits 
each like Fig. 211, in which the fields in adjacent wits are reversed, 
The resultant pattern is not shom. 


The formula for the out-off wavelength of an H,,,-wave is the 
same as that for an Em-wave, viz., equation (11). 


Of the possible E,,.~ and Hy,-waves in rectangular guides 
enly the Hp) has found extensive practical application, for reasons 


already given in Sec, 13. Consequently the properties of the general 
En” OF Hy waves will not be further discussed, 


WAVES IN CIRCULAR TUBES 
47. General 


Waves can be propagated in guides whose cross section is 
other than rectangular. The most commonly used of these other types 
has a circular cross section, A more detailed treatment of the possible 
modes of propagation in a circular guide is complicated, but a good 
insight into the main phenomena involved is obtained by imagining the 
circular guide to be built up from a deformed rectangular guide of the 
type previously considered, 


18. Ho) “wave in a Circular Guide 


We begin with an Hyj-wave propagated between a pair of paral- 
ld conducting plates as shown in Fig. 212 (a). The plates are next 
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x Aes, 
Z> oYo dQ exec 0} 
WAVE ADVANCING a a int eS 
OUT OF PAPER A ne 2h 
—eE east @ £ INTO PAPER 
ae O€£ OUT OF PAPER 


(c) 


Fige 212 - Hy-wave on a coarial line. 


curwed to form a coaxial transmission line, the one plate forming the 

inner cylinder and the ether the outer as show at () and (c), The 
“wave pattern hetween the plates transforms, on curvature, to an 

Hyj-wave between the coaxial cylinders as depicted at (co). This 

figure represents a type of wave which can be propagated along a 

ceaxial line used as a waveguide. It should not be confused with the 

entirely different pattern of the TEM wave (Sec. 2),or the principal mode 

of propagation in a coaxial line. 


Suppose the inner cylinder of the coaxtal system of 
Pige 212 (c) were to shrink, so that it becomes en axial wire.: The 
magnetic leopa now virtually touch on the axis but are in fact sepa- 
rated by the wire. Since there is no discontinuity in H at the su~ 
face of the wire, no current is needed to support the H-field so that 
the wire is superfluous and may ‘be removed. There remains a hollew 
tube with a wave travelling aleng it. This is the Hoj)-wave for a 
circuler waveguide (Fig. 213). We oan obtain a rough idea of the 
magnitude of its cut-off wavelength as follows. The cut-off wave- 
length of the wave in tie original rectangular guide is 2b and as a 
result of the deformation of the rectangle the dimension b becomes 
approximately equivalent te the radius r ‘ of the circular guide, 


Hence we expect the cut-off wavelength to be approximatély 2rg° 
Exact calculation shows it to be 1-64 rg: 
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RADIUS A= 164 Ty 


WAVE ADVANCING OUT © & OUT OF PAPER 
OF PAPER ®€ (NTO PAPER 


Fige 213 = Hy -wave in a circular 
guide, 


19. Classification of Waves in Circular Guides 


It is convenient at this point te remark on the significance 
of the suffixes in the appellation Ho) of the wave which has just been 
desoribed, and to generalise the nomenclature to deal with 
Hom and E,,-wavese 


In rectangular guides the suffix zero indicates that none 
of the field components was changed in a displacement parallel to one 
of the edge (edge a) of the section (horizontal displacement in 
FPige 211). In general, each suffix indicates the number of repetitions 
of the unit pattern (apert from reversal of fiel@ directions) included 
in the appropriate sectional dimension, 


In the oase of waves in circular tubes, oylindrical co~ 
ordinates are required, Thus, the position of a point P, Fig. 212(c), 
within a section of the wave pattern is given in terms of its polar 
co-ordinates (r, 0). A horizontal displacement across the pattern 
between the plates of Fig. 212(a) transforms to a circular displace- 
ment of P on a circle of constant radius r. Thus, the suffix sero 
indicates no variation in any component due to a change in @ at a 
fixed r, 


An H_ ~wawe between coaxials is similarly obtained by 
transforming an™ H.,-wawe between plates (Fig. 202) inte a cylindrical 
pattern as described above. This becomes an Ho,~wave in a circular 
guide whem the radius of the immer oylinder is reduced to sero. The 
pattern of this wave alse exhibits axial symmetry, but contains n 
layers of H-lines in the radial direction, ay 


We mete that the suffix sero of an Hy (or Ey) wave be- 
tween oylinders or in a circular tube denotes that the wave possesses 
axial symmetry. 

As for waves in a rectangular guide, the symbol H indicates 
that there is a longitudinal component of H in the wave propagated 


along the guide, and similarly the symbol E indicates a longitudinal 
camponent of E,. 


An E,,-wave, or an H.,.-wave has 2n units of the basic 
pattern in the variation of © from 0 to 27 (i.e. it is divided by n 
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© H OUT OF PAPER 
WAVE ADVANCING @ H INTO PAPER 
OUT OF PAPER (c) 


Ey, - WAVE 


Fige 214 = Waves in circular guides. 


diameters) and m units in the variation of r from 0 to rg» where ry is 


the radius of the guide. As exemples of the system of classification 
Figs 21) shows cross-seetional drawings of an H,>-wave (a) and an Bog 


wave (b) in a circular guide. Fig. 21) (c) shows transverse and lengi- 
tudinal sections of an E,j-wave,. 


20. The By) -wave in a Ciroular Guide 


This wave is the analogue of the E)}-wave in a rectangular 


guide show in Fig. 209. If the guide be given a square section 
Which is then distorted inte a circular section, the pattern of Fig. 209 
transforms into that of Fig. 215. 


A lo 
i OH OUT OF PAPER 
ity 
Y @H_ INTO PAPER 
An=2 6% 
on | eee Ee 


WAVE ADVANCING OUT 
OF PAPER 
RAOIUS = *g 


Fige 215 = Egy ~wave in a circular 
guide, 
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The electric lines are loops whose longitudinal portions 
form axial bundles which diverge radially to the walls as show. 
The magnetic field is entirely transverse and in the fomm of circular 
lines about the source of divergence of the E-lines. 


The cut-off wavelength of the E,j-wave in a square 
section tube of side bis A; =>./2. ir we make the crude identifi- 
cation of radius r, of the circuler section with b/2, half the side 


of the square, the following approximate formula for the cut-off in 
the circular guide is obtained ;- 


A, = arg/ 2 % 2-8 ro 


The corréct formula is A, = 2:61 ro 
A method of launching the Eo)-wave in 


a circular guide is indicated in 
Pig. 216, The wave is radiated from 


a probe through the centre of a 
terminating plate at the end of the 


guide. The -weve in a rect- 
*u Fige 216 = Launching an 


angular guide may also be launched 
in this fashion. Eq “wave in a circular guide. 


The Eoi~wave is of con~ 
siderable practical importance 
since it is commonly employed in rotating joints for use with scanners 
at wavelengths of 5 ons, Its importance lies in the fact that of the 
waves with axial symmetry in a circular guide it possesses the greatest 
cut-eff wavelength. Further, it is easily excited by an Hp)—wave in 
a rectangular guide feeding through a junction in the well of the 
ciroular guide. It is, however, more convenient to discuss the 
details of rotatable joints in a separate section (Sec. 42). 


21. The Septate Guide 


We consider an Ho}~wave in a rectangular guide polarised as 
shown in Fig. 217 (a). 


The guide is again curved into a coaxial system but this time 
it is the edge » which is curwed. The two original side walls are 
retained ena merged into a single metallic septum which supports the 
dinner cylinder, This structure is called a Septate Waveguide. The 
field of the wave is distorted as indicated in the figure. The 
original flat magnetic loops are bent over so that their longitudinal 
portions run in opposite senses one on either side of the septun, 
There is thus a discontinuity in H in crossing the septum which 
therefore carries surface currents to support this discontinuity. 
The elestric field in the wave is entirely radial. It vanishes on 
each face of the septwm and is a maximum diametrically epposite the 


aseptun. 
Lhe feature of the septate guide that recommends it for 


practical employment is its relatively large cut-off wavelength. The 
cut-off wavelength of the prototype guide of Pig. 217 (a) is A hs 2b. 


The dimension » transforms into the mean circumference of the septate 
wk.se cut-off wavelength is therefore given by :- 
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ADVANCING, " ; 
OUT OF PAPER ib) (c) ¢ = AR +75) 


|GOAXIAL,, «== SEPTATE COAXIAL 
LINE GUIDE LINE 








Pig. 217 = Septate guide. 


Thes cut-off wavelength is spproximately twice as great as the lengest 
cut-off wavelength of any wave in a circular guide of the same out~ 


side radius re = Toe 


The similarity of the sectional pattern (Fig. 217(b)) of 
the septate wave to the pattern in the principal wave of a coarial 
line permita the septate wave to be ecazily fed from a coaxial trans- 
mission line formed as an extension of the immer oylinder witheut 
the septun, The septate pattern also feeds efficiently into a 
coaxial line (ad). Since the principal wave in a coaxial line pos- 
sésses exieal symmetry, the combination of a septate guide with short 
lengths of coaxial line at each end may be used to previde a rotat~ 
able joint at wavelengths of the order of 10 ams because the Eq)—wave 


requires a waveguide whose radius is inoonveniently large at these 
wavelengths, 

The combination of septate guide and coaxial line is 
virtually a coaxial line in whieh the diclectric support for the 
inner is replaced by the septum. The combination is capable of 
handling higher pewers than a polythene cable. 


22. The Hy ~Wave in a Circular Guide 





The stages in the development of the H,,-mode, by the 


method of the preceding sections, are shown in Fig. 218. -A pair of 
rectangular guides carrying identical Hy)~waves (a) are bent until 


they merge into a coaxial line with two septa, (c). The progressive 
distortion of the field may also be followed from the diagrams. 

Since the magnetic lines on opposite sides of each septum are in the 
seme @irection and of equal density, the septa are superfluous and 
may be removed without affecting the field. The field pattern of 
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this coaxial mode is that shown at (c). 


The value of As 


for each of the prototype 
guides of (a) is A, = 2b. [ We 
The analogue of 2b in (c) é e 
is the mean circumference. 
Thus for this coaxial mode j 

(a) (b) 





we have 
= n . J 
A, = (r) +12). The 


electric field is entirely 
transverse and oppositely 
directed at diametrically (Gi 







opposite points of the il 

section. Of supplementary t LA \ f HD 
modes in coaxial cables a Vy ? Ar i 
this mode possesses the OH 


ey) 
test cut-off Vey T 
Teagth and ic consequentiy / Qe 







Jas 


the one that is most read- Reo ne Seay 
ily excited, (C) qd) 
To obtain an . 
Hyj-wave in a cirouler Fig. 218 ~ Hy,-wave in a 
guide the immer cylinder circular guide, 


ef the coaxiel is allowed 

to shrink to zero. ‘The lines of electric ferce join to bridge the 
section and the magnetic lines move inwards towards the diameter to give 
the pattern of figure (4). The inner of the coaxial may be dispensed 
with since there is no discontinuity in the H-field at the centre and 
no currents are required there to support the wave. The magnetic 
lines are loops whose longitudinal portions are collected into bundles 
above and below but which spread acress the section where the magnetic 
field is transverse. 


According to the formila for A, in the coaxial line we 
should expect to obtain A, in the guide by putting r) = 0. 


Thus, A, c= 1 ro6 


The correct formula isA, = 3+42 ry where z is the radius of the 
guide, 


Fig. 219 illustrates one 
method of launching an H,,-wave in 


a guide. The inner conductor of 
the coaxial line is carried across 
the guide and terminates in another 
coaxial line with an adjustable 
tuning pisten. This piston to- 
gether with the movable terminating 
piston in the guide itself serves 
to match the guide to the line, 
Another method employs a simple , 

A/y probe as indicated in Fig.206. Fige 219 - Launching an 

Hy wave. 


LINE 
TUNING PISTON 











GUIDE 
TERMINATING 
PISTON 


The Hj))~wave is the 
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analogue of the H))-wave in a rectangular guide, It is often used 
because it possesses the largest value of A, of any mode in a 
circular guide. 


ATTENUATION IN WAVEGUIDES 


23. Attenuation of Propagated Modes 


It has been supposed, in what has preceded, that the walls 
of the waveguide were perfectly conducting, and consequently that 
progressive waves were propagated in it with no loss of power, In 
practice, however, the metal walls possess a large, but finite, 
eleetrical conductivity and the currents that flow in them when an 
electromagnetic wave is propagated along the guide are accompanied 
by the generation of heat. The energy transformed into heat is 
abstracted from the power carried by the wave whose field components 
are therefore attenuated with axial distance 2 away from the source. 
In the expressions for the amplitude of each component of the electric 
field E and of the magnetic field H there must now be included a factor 


-Opz 
ewe - The ratio of the field amplitudes at two corresponding 
positions on the cross-section at distance 2 and (zg + da) is therefore 
ct and the logarithn of this ratio to the base € , is apd; this 


is the loss, measured in nepers, suffered by the wave. The loss per 
unit length is therefore dy nepers or ap = 8°686 ay decibels. The 
loss coefficient depends on the electrical conductivity of the 

material of the walls, the frequency, the mode of wave being transmitted 
and the dimensions and geometry of the waveguide. When the loss 
(prAg nepers) suffered in a distance equal to the wavelength Ag is 


very much less than unity, as occurs in practice in waveguides with 
silver, copper or brass walls, the appropriate formulae for d, may 

be derived by the following method, It should be noted that much larger 
losses may arise if a film of moisture is allowed to collect on the walls. 

The field pattern is assumed to be the same as for a wave- 
guide formed of perfectly conducting material, with the exception that 
the amplitudes of all field components are exponentially attenuated in 
passage dom the guide. In other words, apart from this longitudinal 
attenuation, it is assumed that in waveguides with highly conducting 
metal walls, the field components in the wave are the same as those 
in a hypothetical waveguide with perfectly conducting walls; whereas 
in fact there is a small component of the electric intensity E 
tangential to the metal surface, 

The components of E and H each contain the factor e~Y - 
consequently the power W transmitted over e cross section of the 
waveguide, which is obtained by integrating the product of the trans- 
verse components of E and H over the oross section, contains the 
factor € ~20)2 


Thus, 
a2 pz 
where Wo is the power transmitted 
and 
aw. 
a oe DOW, 
dz ene 


aw 
But the loss of power per unit length,~ “7, is the energy dissipated 
in the walls of the waveguide in ohmic heating. This energy loss per 
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unit length can be calculated separately from the currents in the 
walls which are directly proportional to the tangential components 
of the magnetic field at the wall, and in terms of the conductivity 
of the metal and the frequency. Calling this energy loss per unit 
length A, we have 


aw 
As - aS = 207. 


or 
, ays - nepers per unit length. 


Thus, the loss coefficient is found theoretically by calculating the 
energy lost per unit length in ohmic heating, and the flux of power W 
over the corresponding cross seotion. This procedure leads to the 
following formulae for attenuation coefficients of progressive waves 


in rectangular waveguides. 
The symbols which appear in these formulae have the 
following interpretations :- 


fis the frequency of the wave in cycles per second, 
f, is the cut-off frequency for the wave mode concerned, 


a and b are the dimensions of the waveguide eross section 
measured in metres; the dimension a is associated 


with the mode integer n and 6 with m. 


R. is the surface resistance in ohms per wmit square of 


the metal surface; that is, power is oo in 
wnit area of the surface at the rate 4 R, I* watts, 


where I is the RNS value of the total surface current 
in empéres per unit length. Ry is found from the 
following formula: 


R, = 2% (1077 pf) t ohms per unit square....(1) 
where is the specific resistance of the well metal in olms per 
metre cube, 


For copper, Pp = 1-6x 10-8 ohms per metre cube; con- 
sequently, with copper walls, 


R= 8% x10 8/7, 


The surface resistance of any other metal may be obtained 
by multiplying this walue by the factor 


Ne /{Pmetal , 
P copper 
ay is the loss coefficient in nepers per metre. To obtain the loss 
in decibels per metre it is necessary to multiply the value in nepers 


by 8 686. 


Formulae for lose coefficients in rect ar air-filled Wave Guides : 





The HB, p“Mave 





(Electric Pield parallel to the edge b of the cross section) 
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' 


f 


Ops suet Mast | edegeboe | tet | 
Cate Sp | Hey 


Nepers Per METT!S wececcvecvccccscccver: (2). 


To obtain ap for the H,,-mode, interchange a and b in this 

















formula. 
The Enr- Wave _ 
a 2Rs w= wn? (%) + n? 
4 120m Vl (f, Jed m* (y,)? + n2 
nepers per metre Ceoevesreseoegseveseeeee (3). 
The Bon eave 
by m2. b 2 
ajc oe rin = ae {a - e a 
4" om ( 2? b )? + n2y ls 
a 





+ (D+ 1) Fh" x 1 
a f le ae = fy) 


nepers per metre aesoesseeseoncerste (4). 


Aeeording to these formulae the attenuation in a rectangular guide 
depends on 


(a) the size of the tube, 
(b) the ratio of the cross-sectional dimensions, 


(c) the resistivity of the wall , 


(a) the frequency. 

We shall not, however, discuss the influenee of these 
factors in detail, because in radar practice the only wave that is 
employed to carry power through a long run of waveguide is the Bo~ 
wave in a rectangular guide and it will suffice to discuss the attenua- 
tion of this wave in the actual 25" x 1" and 3" x 1" waveguides used 
in service equipments, 

The losses in copper weveguides with these standard internal 
dimensions are caleulated as a function of frequency fram formula (2). 


The results are exhibited in the ourves of Figs.220 (a) and (b) which 
give the loss ay in decibels per metre suffered by an By g7wave, as a 


function of frequency fi. 
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&p db PER METRE 





1900 2000 3000 4000 Mc/s 


(b) 


Fige 220 = loss coefficient ay 


in standard S-band copper wave~ 
guides as a fmmotion of frequency. 


According to formula (2) the loss becomes infinite at the 
frequency f = f, due to the factor Uy Le (fo, 2 
f 


and also at f = ©o dust to the factor./f . We may therefore expect a 
to reach a minimum value, in a given waveguide at some frequency 
greater than ft, These properties of the curves are shown Figs, 


220 (a) and (b). The asymptotic approach of ay to infinity as f 
approaches f a and the minimm for each curve are indicated. 


The values for ay relate to waveguides with copper walls, 
but to obtain the loss when another metal is used it is necessary only 


to multiply the ordinates of the ourve by a factor y . [ e metal 


J p copper, 


where P is the specific resistance. 
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METAL BRASS SILVER 
N 2el 0°97 


With iron, the factor N is 


N = Pea permeability of iron 


Because of the high permeability of iron and steel the attenuation in 
tubes of these metals is large. 


Thus j= 





The position of the band of frequencies corresponding to 
wavelengths from 9 - 10*7 cm. is indicated on each curve, 


The smaller 24" x 1" waveguide, to which Pig. 220 (a) 
relates, is used at a wave-length of about 9 centimetres, that is at 
the right hand end of the band shown in the figure, where the attenuat- 
ion is about 0-027 N db, per metre. For equipments working at wave- 
lengths at the other end of the band, from 10 - 11 ams, this weve- 
guide would be operated on the rising portion of the curve (a). Con- 
sequently it is desirable to employ a guide of larger dimensions for 
which the 10 ~- 11 om band is nearer the loss minimum. Curve (b) shows 
how this is achieved by the use of a 3" by 1" guide. The attenuation 
at the operating frequencies in both waveguides is therefore approxi- 
mately 0-025 N db. per metre and in a brass waveguide this is 0025 x 
2:1] =°0525 db. per metre. 


The corresponding loss in the standard polythene cable, 
Uniradio 21, is about 0°6 db per metre; that is, about ten times as 


great. 


Since the attenuation is proportional to the surface re- 
sistance it is important to avold corrosion of the interior surface of 
the guide due to weather or salt spray. For this reason waveguides 
are often plated with silver or cadmium internally, or hermetically 
sealed at their free ends by celophane diaphragms, the air within being 
kept dry with silica-gel cells which communicate with the interior 
through anall holes in the walls. 


2h. Attenuation of Evanescent Modes 





Consider an arbitrary disturbance, sinusoidal in time, to 
be excited in a tube whose dimensions in cross-section are aall 
enough to make the longest cut-off wavelength of possible modes much 
less than the free~space wavelength of the disturbance, The arbitrary 
disturbance may, in principle, be represented as a set of co-existent 
evanescent modes whose amplitudes and phases are appropriately chosen. 
Each mode (mm) decays in amplitude with distance z according to the 
factor 5 


4 
€ wn 7 where 3 =On 1 7 *3 é 
i (A¢, om) x 


and is the loss coefficient of the mode of order m. We have pos= 
tulated howewer that A greatly exceeds A ¢ 3 consequently, 


2n 
ec, m 


bm 
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Thus, the smaller the cut-off wavelength Ac yam the more rapidly does 
the mode attenuate with distance. At a sufficient distance z from the 
source of the disturbance only the mode with the largest cut-off wave- 
length persists, provided its relative amplitude is appreciable at the 
source. This means in practice that the modes of higher order dis- 
appear first. 


We conclude, therefore, that at a sufficient distance z, 
depending on the precise circumstances, the amplitude of all the field 
components of the residual disturbance decay with distance according to 
a simple exponential law, i.e. 

-&sz 
€ 


% 


whereS=2 2 /A o? Ag being the cut-off wavelength of the most per- 
sistent mode. Further, the coefficient 4 is independent of the free- 
space wavelength (1. If the magnitude of the EM induced by the fiela 
in a loop feeding into an output coaxial cable is Vy at z= 2, , but Vo 
at & = Z5, with the loop similarly situated with respect to the field in 
the two cases, then 


Lae g 78 (Za - 2), 
Vi 


The reduction of signal strength in distance (#2 - 2) is: 


¥. 
1 
O85 (#)- § (2, ~ 4) nepers , 
or: v 
20 logig - = 86868 (zo - x) abe 
2 


Thus, reduction in signel strength measured in decibels (or nepers), 
depends only on the displacement (z5 - #) of the loop in a giwen tube, 

being a constant, 27 /A.,, independent of frequency. This result 
is in effect correct for all frequencies which are low compared with the 
cut-off frequency. 


We have, therefore, a method of reducing a signal, say that 
at z= %, by any desired number of decibels by a simple linear dis~ 


placement of a pick-up loop. 


This method therefore provides a simple means of producing 
a voltage which is a given fraction of the input voltage, and this 
fraction can be altered by a linear displacement of the pick-up loop. 
Moreover, for wavelengths about LO ams or less such an attenuator is 
compact and is suitable for inclusion in test equipment. A device of 
this nature is called a Piston Attenuator, 


CAVITY RESONATORS 


25. General 


It is found that electromagnetic oscillations can be excited 
within an empty cavity bounded by conducting walls in much the seme 
way as hollow gas-filled vessels can be excited into acoustical re- 
sonance. A given cavity resonator will resonate at a number of dis- 
crete frequencies each corresponding to a particular mode of oscillation 
with its om characteristic electromagnetic field pattern. These 
field patterns, like those of progressive waves in waveguides, can be 
classified into E and H types. 
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Sinoe the free-space wavelength that correspends to the mede 
with the lowest frequency is of the order of magnitude of the greatest 
linear dimension of the cavity, it follows that at centimetre wave~ 
lengths a cavity resonator has a snall physical zize which renders it 
convenient for laboratory use and for incorporation in equipments. 

The principal uses for cavity resonators are : 


(4) tuned elements in oscillators in place of the con- 
ventional L-C-R circuits which are physically unreali- 
sable at centimetre wavelengths. 


(ii) accurate wave metres. 
(i314) eche boxes, which are equivalent to ringing circuits. 


The electro-magnetic oscillations in eavity resonators in the form ef 
hellow rectangular bexes er cylinders have field patterns, with one 
exception, that are the same as those belonging to standing waves in 
rectangular and circular waveguides end it is therefore possible to 
employ elementary methods to deduce many of the important features of 
eavity resonaters. 


We begin with the simple -case of a rectangular resenator. 


26. Stationary Waves in a Waveguide 


Consider a rectangular waveguidé in which a complete standing 
wave is produced by allowing two treins of Hy) ~waves with the seme 


wavelength A z and field strengths, to be propagated in it in oppesite 


directions. The pregress of the individual waves is indicated suo- 
cessively in the first twe of cach of the Figs. 221 (a), 221 (b) and 
221 (e). The third diagram in each case gives the resultant field 
derived by superimposing the field patterns of the two waves. We 
take the time t = o to correspond to the instant at which the magnetic 
leops in the twe oppositely travelling patterns superimpose exactly, 
so thet at t = o in the standing wave the magnetic field strength is a 
maximum at all points as indicated in the third of Figs. 221 (a). 


Beoause the constituent waves travel in epposite senses, the 
electric fields are in opposition when the magnetic fields are additive. 
Consequently, the dectric fields cancel at t+ = o, and at this instant 
the field in the standing wave is entirely magnetic. Fig. 221 (b) 
illustrates the situatien at time t = T/4, ons quarter of a cycle later, 
f being the period of the oscillations. The travelling wave patterns 
in Fig. 221 (b) are displaced one quarter wavelength , 

A g/ys te the right and left respectively, as can be seen from the 
displacement ef the pair of leops which has been distinguished by a 
horizental arrow at the centre. When the patterns are superimposed 
the magnetie fields eancel but the electric fields add to produce a 
maximum. Thus st t = T/, the field in the standing weve is entirely 
eleetrie. Similarly, frem Pig. 221 (c) we deduce that at t = T/p the 
electric field vanishes and that the field is again entirely magnetie 
but reversed in direction, compared with the field at t= 0. At 
t= 3T / we should again find the resultant field to be entirely 


electric but reversed in direction relative to that at t=T/,, at 
time t+ =< T the field is again that of Fig. 221 (a). At other instants 
in the cycle the electric and the magnetic cemponents are Soth present. 
Further, whatever the field intensity at any instant, the directions of 
the E and H fields remain fixed and the pattern dees not progress to 
right or left as in the constituent progressive Hy, ~waves. We there- 


fore note the following features of the electromagnetic field fer a 
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standing wave. 


(1) The field patterns eof the magnetic and electric 
fields are individually the same as those in the 
progressive waves, 


(41) Whereas in the progressive wave the field patterns 
are propagated aleng the axis of the waveguides at 
speed U,, but the field intensities in the moving 
patterns are unchanged, in the stationary wave the 
patterns are fixed in pesition but the field inten- 
sities escillate harmonically between maximm positive 
and negative values. 
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Fig. 221 = Superposition of two 
oppositely travelling H))~waves of 
equal, strength to produce a complete 
standing wave. 

(441) In the progressive waves the transverse components of 
the electric and magnetic fields coincide (near the ends 
ef the largest leops), but in the stationary wave the 
pesitions at which the transverse components ef the 
magnetic and electric fields have maximum itudes 
are separated by a quarter of a wave-length Ap/,)- 
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(The dlectrio fiel@ is concentrated around the centre 
of a magnetic loop). 


(iv) The resultant electric and magnetic fields within each 
\ ¢/e cell of the pattern oscillate in quadrature. 


There is no mean flew of power along the axis of the 
waveguide, but the energy stered in cach cell of the 
pattern is transformed every quarter-period frem the 
magnetic to the electric form, and back again in the 
succecéding quarter-period, The oscillations of the 
electro-magnetic field are therefore analogous te the 
mechanical vibrations of a pendulum or an escapenent 
wheel in which the energy is transformed alternately 
from one to the other of the kinetic and potential forms. 


27. Field Patterns in Cavity Resonetors 


We have obtained a stationary but oscillating eleetro- 
magnetic field; we new consider whether this field is ene that can 
exist within a closed cavity with conducting walls. At the walls the 
field must satisfy the following conditions: the magnetic field cannet 
intersect any portion of the conducting surface of the cavity; i.¢. 
where it does not ‘vanish it must lie tangentially against the surface: 
the electric fielé on the other hand carnot lie along the boundary but 
where it does net vanish must stand at right angles to the surface, — 
Evidently, as appears from 
Fig. 222, the standing-wave 
pattern of Fig. 221 can be 
fitted into a rectangular box, 
formed by placing conducting 
partitions across the wave- 
guide a distance apart equal to 
PAg/, where p is an integer. 
It is then possible to fit p 
cells of the pattern into the 
box provided the end walls 
touch but do not cut a 
magnetic loop. A possible 
disposition is shown in 
Fig. 222 for the oase p = 2. 
Figs. 222 (a) and (») 
illustrate respectively the 
fields at times t = 0, when 
the field is entirely magnetic, 

and t = Th when the fiela 


is entirely electric. 





If we choose a 


set of cartesian axes of Fige 222 = Field patterns of 
reference with the origin 0 the Eno mode in a rectangular 
at the near left~hand corner, cavity. 


as shown, then with respect 

to these axes the constituent 

travelling waves of Fig. 221 that combine to give the stationary wave 
are Hy-waves. Since p = 2, i.¢., two cells of the pattern are fitted 
into the resonator, and since the mode is derived from progressive 

Hp) -waves, it is designated Eyes 


It is evident that the same procedure will lead to the field 


patterns of more general modes of oscillation both in rectangular and 
in cylindrigal resonators. We first find the standing wave pattern in 
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the unclosed guide corresponding to the general Em ~ or Hin - Waves 


The guide is then converted to a resonator by the introduction of 
conducting partitions, at positions such that p cells of the pattern 
are enclosed within the resonator, without violation of the conditions 
imposed on the behaviour of the electromagnetic field at the cavity 
surface, The resulting mode is then designated, according to the type 
of its constituent progressive waves, an Emp - or an Hump ~ mode, 





FIELD ENTIRELY MAGNETIC FIELD ENTIRELY MAGNETIC FIELD ENTIRELY ELECTRIC 
Ent ~MODE Eon ~ MODE Hoyt —MODE 
(a) (b) (c) 


Fig. 223 = Examples of modes of 
oscillation in cavities. 


Examples are shomm in Figs. 223 (a), (b) and (c) respectively, 
of the En - mode in a rectangular cavity and the *old - and fy - 


modes in a cylindrical cavity, at times t = o and t= °*/). As shom 
in the earlier example, the magnetic and electric fields oscillate in 
quadrature and are displaced relatively by a distance AB, in com 


parison with their positions in the corresponding patterns of the 
travelling waves. 


28, Resonant Wavelength of the Cavity 


Since the Emap ~ and Banp ~- modes have field patterns the 


same as those of seta of p elementary cells of the corresponding 
En - and Ha, - standing waves in a waveguide, it follows that the 
length of the resonator must be p 4 B/p » each cell ocoupying a 


Length B/, of the guides If, therefore, the length of the reso- 
natar is @, resonance occurs for an om p ~ mode when 


a = PB rey, SPOS FEHR HTS HEEH HHH HHTSHSHHSEL OSES HAEOD (1) 


where 4 ¢ is the guide - wavelength of the associated En» - or Hm - 
weve in a waveguide whose cross section is identical with that of 
the resonator. Since, the wavelength A g i8 related to the free- 


space wavelength A and the cut-off wavelength 4, by the equation 


1 1 1 (2) 
Sealer s ——n 2 + & SH eSCeeeeeseeeseeseeeeeeee 3 
a A (Ag) 
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it follows from (1) and (2) that the resonant free-space wavelength of 
the cavity is given by 


A Cay *G) 


We consider in turn rectangular and cylindrical resonators. 


Recta ar Resonators 


The linear dimensions of the resonator shown in Fig. 222 
along Ox, Oy and Oz are respectively a, b and ad. The cuteoff wave- 
length Ag of an Ban ~ or an Ban ~ wave in a rectangular guide whose 
cross section has linear dimensions a and b is given by 


(ep = Be (Bi)? ceeteerserserseetrerereren (lh) 


inally, the resonant free-space wavelength Anmp of the 
Bump - and H 4 - modes is, from (3) and (4), 


( a = ()? + Ce + (3)? edeetessacvese(D) @ 


The resonant frequency is 


c tL z 
timp = Nmip) = 2 (4,? + @? + )? ; eeeetervece (6) 


where c is the velocity of propagation in free space. 


We have assumed throughout that the cavity is empty 
or air-filled) 


For example, the resonant frequency of the Hgjj- mode is 


4 


z 


f, = 6 1 1 
ig ofa + af" 


and if » > a this is the lowest frequency at which the cavity can 
resonate. Since there is no a ~ or BE, — wave in a rectanguler 
guide the E - mode of the resonator with lowest frequency is the hs 
mode whose frequency fin is also that of the H,,,-mode, 


4 
f4.soe (i 1 13% 
mu” ¢ is oe oe @) 


The resonant wavelength of the Hp, - mode when the resonator is a 
cube (a = b = d) is given by 


Ds. eg VE 


or Agi = 2 a, the diagonal of a face. This 
shows, ag mentioned in Sec. 25, that the fundamental wavelength is of 
the order of magnitude of the linear dimensions of the cavity. 
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The smallest cube that wil: resonate at a wavelength of 
10 ams (f93) = 3,000 Mc/s) has an edge length of 7°07 au. 


Gylindrical Resonators 


The cut-off wavelengths A, of waves in circular guides 


are not given by a simple formula such as (5) but depend on the roots 
of Bessel functions, The cut-off wavelengths in a waveguide of 
radius Tyo for some of the lower order modes are :~ 





The resonant wave-lengths of these modes in a cylindrical 
cavity of radius Ea and length d, are therefore given by 





(se Pt GRP cette Baye 





3°h2 2a 
1 1 
1 ( 2-61 r )? + ( 2d )* Peeerverve eof Eoyqees (7) 
ce = & 
an 2 
mnp 


1 2 1_)? . 
( T-6h ts ) + ( 24 ) eeeetoererees Hoa. and Eyiye 


29. Charges and Currents on Internal Surface of Resonator 


When eléctric lines of force begin on one portion of the 
boundary and end on another, they terminate on electric surface charges 
of opposite signe or instance, in the resonator shom in Fig. 222 (b) 
positive charge resides on the region around A and negative charge on 
that around B, with corresponding compensating charges on the opposite 
wall. When the magnetic field is present skin currents flow on the 
interior surface everywhere at right angles to the contiguous tangential 
magnetic field. Where there is no surface field there is no current. 
We consider the simple case of the Hp);-mode in a rectanguler resonator 
at the moment when the field is entirely magnetic (Fig. 224 (a))and 
later when it is entirely electric (Fige 224 (b)). The lines of 
current flow are shown running 
perpendicular to the magnetio 
field at the surface. The 
current is show converging 
towards the central region of 
face ABCD (Fig. 224 (a)) and 
away from face A'B'C'D', 








These faces become fully CURRENT 

charged one quarter of a " 

oycle later, as shown in (a) (b) 
Fig. 224 (b), and electric 

linea of force run from the Pige 22) - Wall currents in a 
positive to the negative cavity resonator. 
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30. Methods of Excitation of a Cavity Resonator 


a cavity re- 
sonator may be.excited 
either by a loop (Fig. 
225 (s)} or a probe 
(Fig. 225 (b)). In the 
former case the loop 
must be so introduced 
that lines of magnetic 
force can thread through 
it. Fig. 225 (a) shows 
two of several possible 
positions for the loop. 
As shown, one loop could 
be an input loop and 





the other an output Fig. 225 - Exitation of the 
loop. The degree of Ho ,7-mode in a rectangular 


coupling can be con~ 
trolled by retation of 
the plane of the loop. 
When a probe is used it is introduced into a place of maximum electric 
field strength and is set parallel to the electric field. Thus in 
Fige 199 (b) the probe is shown projecting into the cavity from the 
face A'BYC'D'. 


resonator. 


Excitation to resonance can also be made by means of a 
slot cut in a face such as to interrupt the flow of current. This 
face could be made common with the wall of a waveguide from which 
current could be fed into the cavity. 


31. The Q-factor of a Cavity 


Because of the finite conductivity of the walls, power is 
G@issipated as heat in the walls, and free oscillations decay exponenti-~ 
ally. The Q-factor of the cavity is defined by the expression 


Ener stored ) eeeonvereosseoe (6). 


Qzen So dissipated per cycle 


In practice the wells are made of copper or silver and the energy 
dissipated per cycle is only a small fraction of the stored mergy; 
consequently Q is very large. 


Let W be the energy stored; then the energy dissipated 
per cycle is (yt and expression (6) may be written: 
dt 


qg= 2m. = WwW. ML seevevescescesee (7). 
z aw aw 
(=) (>) 
Whence, 


ae = ~. W fa, Be SSS OOZES AOE SSE SOO Car a Creve aie e888) (8). 


aa 
We Wo c Q + Seca crest esses etszreeestrerererer (9), 


where Ys is the stored energy at t = 0. 
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If, therefore, the resonator is shock-excited and left to oscillate 
freely, the stored energy is reduced to l/¢ of its initial value in 


a time t' = “aie 
a “on? 


ao that Q = ane SHOPS HESEHOCHHTOCEOREES OHS OEE CHEEOOD (10). 


According to (10) an alternative interpretation of Q is 
that it is 21 tires the number of cycles required for the stored 
energy to decay to 1/¢ (approximately one-third) of its initial 
value. 


Sinee Q values of lo* ana greater are easily achieved, it 
is evident that a cavity will ring for a great many cycles before the 
stored energy is reduced to a mall fraction of its initial value. 

A useful approximate rule which gives the order of magnitude of Q in 
terms of the skin depth 5 of the wall currents » and the dimensions 
of the cavity is given by :- 


Q= Volume of Gavi R eeereeeaereteaeseeanvrat (11). 
x surface of Cavity 


& formula for & in terms of the wave length and wall 
conductivity is : 


-2 
8 = 2*62.10 . /> metres. 


where & and A are in metres and CO is in mhos per metre cube, 


Suppose the resonator to be made of copper for which o = 5°8 x 10’ 


mhos per metre cube, Then b= 397 =x 10-6_/ A metres. 


According to equation (6) the Q-factor for a cubical resonator of 
edge a metres, is 


: 6 
Q a a = a» 10 Pore rererereesos (12). 
° 6F ~ SUSAR 
For the Boyz modes A 2a./2, then, 
a. 10° \ye_. 
222 


For A = 10 an ( == metre), this becomes 


Q = le1.10° 


Such a cavity, if shock-excited, would ring for,4- = 10? = 1*7. 10% 
z 
é 


periods before the atored energy was reduced to of its initial 
walue. 





Each period ( A = 10 cm) is = microsecond so that the time of 
ring is about 5 microseconds (or about 1 mile of radar range). 
2 
Because they are highly selective, cavity resonators are 


used as wave=neters at centimetre wavelengths. This, and other 
applications of importance in radar are described below, 
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32. Applications of Cavity Resonators 
(i) Wave Meters 


Coaxial Line Wave Meter A convenient wave meter for 
use at wawelengths of 9-11 centimetres is the coaxial line wavemeter 
shown in Fig. 226. It comprises a cylindrical cavity into which a rod 
ean be intruded exially to any desired extent by means of a rack and 
pinion. The metal block 
serves as a guide for the 
rod and as a short-circuit 
to the coaxial transmis- 
sion line system formed by 
the cavity and the rod. 


The cavity is 
exaited by injecting an 
EMP into the input loop 
from the source whose 
wavelength is required, Fig. 226 ~ Coaxial line waveemeter. 
and the rod is moved by 
means of the pinion until 
& position of resonanee is indicated by the detecting crystal and 
microameter fed fran the output loop, The shortest resonant length 
4 of the rod within the cavity is slightly less than 4/4 since the 
transmission line system is open-circuited but with some amall end- 
capacitance. Other resonant positions correspond to (/ + nA/2) where 
nis an integer, since the erd capacitance remains the same independent 
of the position of the end of the rod. This is because the end of the 
rod never closely approaches the closed end of the cavity. 

The rack and pinion carry a scale and vernier from which the 
displacement of the rod can be measured directly in centimetres. The 
displacement of the rod between successive resonances ia equal to 
A/2 and gives directly the wavelength on the coaxial line, which is 
the same as the free-space wavelength of the source. 





RACK AND 
PINION 


The diameter of the cavity is amall enough to ensure that 
hollow cavity modes of oscillation cannot occur. 


Resonant Cavity Wave Meter A wavemeter suitable for 
measuring changes in waveléngth with great accuracy ia the cavity wave- 
meter shown in Fig. 227 (a). It is a metal cylinder whose length can 
be adjusted by rotation of the screwhead to which the upper end of the 
cylinder is attached, The resonant mode employed is the Hj,j-mode 


which is excited by an input loop near the middle of the cavity, as 
shom, and resonance is indicated by means of an output loop, at the 
same height but shifted through a quadrant, and a crystal detector and 
microammeter combination. The magnetic lines of force at resonance 
are indicated in Fig. 227 (a). To prevent the excitation of the 


B) mode » Which has the seme resonant frequency as the Hoy -mode » the 
movable end clears the cylinder wall with a small gap. The currents 


in the Hop y7mode flow on the cavity surface in. circles about the axis 


(Pig. 227) and no flow occurs from the flat ends to the curved surface. 
The current distribution is therefore indifferent to the presence of 
the gap between the movable flat end and the curved wall. In all 
other modes, except H,,,,-modes, current is required to flow from the 


flat ends to the curved wall; consequently the introduction of the 
gap effectively suppresses these unwanted modes, Wire filters of 
suitable form can also be used as suppressors but they are less con- 
venient. In principle the resonant wavelength could be obtained from 
the dimensions of the cavity at resonance, but in practice it is more 
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H SCREW HEAD 









SCALE 


RREREA EE 
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(a) (b) 
CAVITY WAVE METER CURRENT FLOW IN 
AND MAGNETIC FIELD WALLS OF CAVITY 


IN) Hoy - MODE 


Pige 227 = Cavity wave-meter and magnetic 
field in Hyj,-mode (a). Ourrent flow in walls 


of cavity (b). 


accurate to measure dis= 
placements of the lid by 


means of a micrometer screw AMPLITUDE 

and scale, as indicated, 

This scale is then cali- WAGNETRON 
brated against the harmonics SPECTRUM 


of a crystal oscillator, 
or more crudely, against the 


oosaxial line waveneter de- WAVE - METRE 
: RESPONSE 

scribed above, using a 

tunable source of EMF. The FREQUENCY (Mc/s) 

wavelength scale is very 2998 2999 3000 300! 3002 


Open and a small change in 
wavelength corresponds to a 
relatively large displace~ Fige 228 = Use of wave-meter for 


ment of the movable end, 
The interior of the cavity pian teat magnetron frequenqy 


is usually silvered so that 
a large Q and sharp resonance results. The bandwidth of the wavemeter 
then may be so narrow as to permit examination of suitable RF spectrua 
of a magnetron pulse (Fig. 228). 

(ii) Echo Boxes 


It is often necessary to check the overall performance of a 
centimetre wave radar equipment in situations where it is difficult to 
obtain echoes from objeets at suitable ranges. For instance a radar 
equipment in an aircraft may hawe its scanner directed downwards so 
that it is impossible to obtain echoes when the aircraft is on the 
ground, The echo box is a simple device for checking roughly the 
overall performance of a sete It is merely a resonant cavity designed 
to possess a high Q. The aavity is shock-excited by the transmitter 
pulse and continues to ring and enit a signal which is spread along the 
time base for an appreciable distance after the cessation of the tran- 
miitter pulse. A possible arrangement is show in Fig. 229. The 
echo box is fed via a screened low-loss cable from a pick-up probe 
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fixed near the edge of the mirror, The energy abstracted from the 
transmitted pulse is stored as 

a resonant mode in the box and 

is re-radiated to the receiver 

as an exponentially decaying AERIAL 
signal. For the greater part 
of its duration the signal 
saturates the receiver but 
finally decays to a level at 
which it no longer does so. 
The appearance on a Type A 
display is illustrated in the 
figure. The range at which 
the echo box response dis~ 
appears into the noise gives 
an indication of the overall 
performance of the set. 





TRANSMTTER 





RECEIVER 






Echo boxes are of TYPE A DISPLAY 
two types,tuned and untuned, 
Tuned echo boxes are the 
same as the wave meter already Fig, 229 = Arrangement of radar 
described and illustrated in system with echo box. 
Pig. 227. They require 
tuning to the frequency of the 
transmitter which then shock-excites the Hypjj~mode. The output loop 


is not used, 


Untuned echo boxes are very large cavity resonators whose 
lowest modes, Fay Bu etc., correspond to wavelengths much greater 
than the wavelength of the radar set. They are usually hollow cubes 
with copper walls. 


The modes that are excited by the radar transmitter are 
therefore higher order Emp and Honp modes where m, n and p are re= 


latively large integers. 


Consider a cubical resonator whose edge a comprises 
several wavelengths. 


It can be shom that the spacing of the higher modes is such 
that the number of modes comprised within the wavelength range A to 
(A+AA) or frequency range f to (f ~Af) in a rectangular resonator, 
is 

N= ant » (4A)e axn—h (AL) 

A A 


where V is the volume of the resonator. Thus, for a cubical re- 
sonator of edge a 


we an(Ry (AA) = an (-2)3 (S4) 


Consider the case of a resonator of edge a = 1 metre 
excited by a magnetron pulse for which f = 3000 Me/s, (A= 10 centi- 
metres) and the bandwidth is 1 Mc/s. The formula gives, for the 
number of modes covered by the bandwidth , 


nee —~OR- 105 = oh 
> 3 » 102 3 


ieee there are 8 modes, Thus, the transmitter pulse is able to 
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exoite a number of resonant modes whatever its frequency f and it is 
not necessary to tume the resonator, In the case discussed, the 
mean frequency separation of the modes is $ Mc/s = 125 ke/s. 


Since the ratio of volume to surface of a cubical re~ 
sonator is proportional to the edge a, these large untuned resonators 
possess very high Q values and will ring for many microseconds. 


(144i) Cavi-.y Resonators in Centimetre Wave Oscillators 


The usual resonant circuits, comprising lumped inductances, 
eapacitances and resistances, cannot be constructed in a useful fom 
at wavelengths of 10 centimetres and less, and it is necessary to 
replace them by other resonant systems such as resonant lengths of 
coaxial trenamission line or resonant cavities. In the klystron 
oscillator,whose main application is as low-power local oscillator 
in centimetre wave radar receivers, a resonant cavity is used in #hich 
a mode of oscillation is maintained by a bunched electron stream. 

In order to bring about bunching and to abstract power from the 
bunohed stream, the electrons must pass through the oscillating fields 
within the cavity against or parallel to the electric field where it 
is most intense. Further, the time of transit must be small con 
pared with the period of oscillation. It is not possible to accom 
plish this in any of the resonators described so far because their 
dimensions are comparable with the wavelength A and it would be 
necessary for the electrons to move at speeds comparable with the 
velocity of light in-order that the transit time should be less than 
the period of oscillation. What is required therefore is a 
resonant cavity (Rhumbatron) in which an intense oscillating electric 
field is concentrated across a short path so that electrons can 
travel the whole extent of a line of force in a time short compared 
with the period. 


In one type of reflector klystron, the Sutton Tube, an 
example of which is the CV67, the resonator (rhnumbatron) assumes the 
form indicated in Fig. 230 (b). This rmbatron may itself be 
regarded aa a- distorted form of a the prototype shown in Fig. 230 (a). 
In Fig. 230 (a), A and B represent a pair of coaxial conducting cones (or 
dimples) with their tips removed so as to form a small gap between theme 
It is know that when an alternating EMF is applied acrosa the gap the 
pair of cones forms a transmission line system and that a principal 
(TEM) wave is guided along thea. ‘The lines of electric and magetio 
foree rm as shown in the figure. If a conducting spherical surface 

C of radius A/,, concentric with the middle of the gap, is used to 
close the cones then the TEM wave is reflected without distortion and 

a complete standing wave is produced on the tranamission line which 
then forms a resonant systea. The equivalent twin tranerission line 
system is show in Pig. 230 (cj). We may, howewer, regard the syaten 

of Fige 230 (a) as a hollow spherical cavity resonator with a pair of 
conical projections. It follows from what has been said that the 
fundsmental resonant wavelength of this resonator is four times the 
radius of the sphere, & voltage antinode is located at the gap AB 
where the electric “ield attains its greatest intensity. It is 

possible therefore to maintain such a rhumbatron in resonance by passing 
a bunched electron stream across the gap AB. In practice, in the 
reflector klystron used as a local oscillator, it is necessary to 
control the resonant frequency by means of external tuning screws; 
consequently, the rhumbetron is divided in two by a glass tubular 
envelope which is ewacuated and contains the electron gun assembly and 
the reflecting electrode, The portion of the resonator external to 
the glass envelope carries the tuning screws. To introduce the glass 
envelope it is necessary to distort the shape of the rhumbatron to that 
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Pige 230 =~ Common types of resonators. 


shown in Fige 230 (b). One of the cones is also distorted to bring 
the reflector close to the gap. Power is abstracted through a loop 
placed, as shown in Fig. 230 (a) with its plane parallelto the axis of 
the cones, 


The input impedance to the transmission line system shown 
in Fig. 230 (a) is large at resonance, end it is necessary to drive the 
rhumbatron from a high impedance source. Thus the power supplied by 
the electron stream must be in the form of relatively high voltage 
electrons and relatively snall current. Tims, in the CV67, the accele- 
rating voltage is 1200 volts and the electron current is 6 milliamps. 
The maximum power output at A = 9 centimetres is 200 milliwatts which 
is ample for a local oscillator. 


The high operating voltage is an inconvenience and a more 
convenient form of klystron, operates on a voltage of 300 and is there- 
fore able to use the same power pack as the radar receiver, The 
resonator here comprises a short ~ circuited cosexial tranamission line 
with a gap between the imer and the end plate of the outer at the top, 
as shown in Pige 230 (4). ‘This end plate has a hole in its centre, 
and both this hole and the end of the inner are covered by a wire 
geuze through which the electron stream passes into and out of the gap. 
The length of the transmission line is less than A/, and it is 
brought to resonance by the capacitance between the end of the 
immer conductor and the end plate. 


The equivalent resonant system is show in Fige 230 (e)- 
fhe shunting impedance of this system is much lower than that of the 
double cone system and the power carried by the electron stream can 
be supplied at lower valtage and larger current, 


The operation of klystrons is discussed more fully in 
Chap.e8, Secs.22 and 23. 
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Various types of cavity resonators which may be employed in 
the Resonant Cavity Megnetron are illustrated in Chap, 8 Secs. 27 and 
31, where the many possible modes of oscillation are discussed, 


CHOICE OF WAVEGUIDE SHAPE AND DIMENSIONS 


33. General, Considerations 


In foregoing sections we hawe reviewed the principal features 
of electromagnetic disturbanees in metal tubes. It remains to describe 
how this basic knowledge is applied to useful ends. 


The primary function of a waveguide is to donvey electro- 
magnetic power from a generator to an aerial or from an aerial to a 
receiver, at wavelengths of ten centimetres or less. In fact, wave- 
gaides are required to perform the same functions at these wavelengths 
as are performed by transmission lines at longer wavelengths. 


The principal problems of transmission line practice are, to 
produce a reflectionless termination (matching), to achieve acrial 
switohing and a satisfactory system of common aerial working (common 
T/R) end to measure standing wave ratios (impedence measurements). 

To achiewe these objectives certain ancillary devices such as reactive 
stubs, quarter-wave insulators, quarter- and half-wave transformers and 
the like, are eaployed, In what follows we shall discuss the parallel 
problems of waveguide practice and investigate the character of the 
analogues of the ancillary devices. 


When weveguides were first recognised as providing the most 
suitable method of conveying large powers from a source to an aerial at 
wavelengths of 10 ans and less, it became a matter of practical import~ 
ance to answer correctly the following questions :- 


(i) what is the most suitable sise for a waveguide operating 
on a specified wavelength ? 


(ii) what is the best geometrical form to give it ? 
We shall consider these queries in the following sections. 
3he Choice of Waveguide Dimensions 


Transmission line practice is based on the fact that at the 
usual frequencies progressive waves exist only in the principal or 
TEM mode, all other modes being evanescent. In order to adapt trans 
mission line practice to waveguides it is therefore necessary to ensure 
that progressive waves are present in one mode alone, all other modes 
in the waveguide being ewanescent. This result is achiewed by s0 
choosing the cross-sectional dimensions of the guide that the free-space 
wavelength of the wave to be propagated is less than the greatest of 
the out-off wavelengths of the various modes in the waveguide, but 
greater than those of all other modess In this way the mode with the 
greatest cut-off wavelength is present as a progressive wave, but all 
other modes are evanescent. 


; For instance, in the example given in Sec. 13, the longer 
cross-sectional dimension of a rectangular waveguide designed to carry 
waves whose free~space wavelength A is 9 ans, is b = 24 inches, The 
cut~off wavelength of this guide for the Hoy mode is A e® 2b = 5 inches 
= 12:7 an. The Hy~-wave is therefore propagated in this waveguide, 
but as the cut-off wavelengths of all other E,.- or H-modes, given 
by fu 
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= (8)* (a 


Az 


when a <b, are less than A = 9 ams, these modes are evanescent. 


35e Geometrical Form of Waveguide Section 


The choice, in practice, lies between circular and rect= 
angular sections and it is found that, except in specialised devices 
such as rotary joints, circular sections are unsatisfactory. 


For instance, the. wave in the circular waveguide would 
normelly be an Hy ,-wave since this mode possesses the greatest cut= 


off wavelength. Should, the tube howewer, be slightly elliptical 
over an appreciable length the Hj]-wave would then resolve into two 
waves with different values of up, so that on recombination where the 
tube again assumes 4 circular section, the plane of polarisation in 
the resulting Hy) -wave is rotated with respect to the original plane. 


This @3.fPiculty of preserving the polarisation of the field pattern 
over a long run of waveguide is a disadvantage of circuler guides. 
Consequently, when circular waveguides are employed they appear only 
in short and straight lengths, and in practice long rus of waveguide 
are almost invariably rectangular in cross section, 


The dimensions a and b of the rectangular cross section 
are always made unequal in such guides. The smaller dimension a is 
such that 2a is less than the wavelength of the -mode, but the 
dimensicn b accepts the H,,~mode as a progressive “wave but no other 
modes, Thus the field pattern preserves a umique sense am can be 
propagated only with the transwerse electric field parallel to the 
shorter edge se The following are dimensions of typical waveguidess~ 





Free~space wavelength Internal Guide Dimensions 
10 ca, 34 x1" 
9 cm. 23" x 1" 
3°3 ame 1" x g* (British) 


0-9" x 0-4" (American) 


It is undesirable to operate the waveguide near the out-off 
frequency of the Hoj~wave since dispersion (that is, the dependence of 


Uy on frequency) is very marked near the cut-off frequency (Sec. 6). 


Also there is a marked inorease in attenuation as the cut-off, frequency 
is approached (Sec. 23). 


In a long run of waveguide dispersion can affect the shape 
of a pulse, The dimensions given in the table above remove the cut- 
off wavelength well away from the operating wavelength; for instance, 
in the 9 an. guide whose dimensions are 25" x 1", the angle of in- 
cidence (909 ~- 2°) (Fige 204) of the waves successively reflected 
between the walls is 45°, whereas eat cut-off it is zero. 


STANDING WAVES IN WAVEGUIDES 


365 Wave Impedance 


It is shown in Chap. 17 Sec. 7 that when a plane-polarised 
electromagnetic plane wave is propagated in free space, the wave front 
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is presented with the equivalent of a resistance whose magnitude is given 
Ry = 120 nv ohns. < 


This is called the Wave~ or Field-impedance.e If E is measured in volts 
per metre and H in emps. per metre then this may be written 


BR. «= 120 7 ohms. 
i ° 


A similar result holds for waves propagated in waveguides. 
Considering the Hon-wave of Sec. 7, depicted in Pigs. 199 and 200, there 
are seen to be two camponents of the H-field, one along the guide and the 
other transverse (vertical) whilst there is a single transverse component 
of the E-field perpendicular to the plane of the paper. If axes x, y, 
and z, are taken as indicated im Fig. 195 these components are given by:- 


Hy = 2H oos a sin GEE , sina) cos (ot - FRE cost) 
5. = 2H sin ot cos (Zak sina) sin (wt « -2%% cosa) 
Z, nr ° )8 - x cos 

2nz 
A 


H, E, are the amplitudes of the H» and E-fields of the 
component waves ; Q is the angle between the direction of propagation 
of the component waves and the reflecting plates (Fige 200). 





EL = QE. sin(2Re . sina) cos &t = cos a) 


Whereas Hy and E, oscillate in phase, H, is in quadrature with 


the other two, and may be considered as supplying the reactive or storage 
component of the resultant fields in the guide. The other two components 
convey the energy along the guide. Sy division we obtain 


x” E seca. 


Since 2 is the ratio of E-field to H-field in a plane 
polarised electranagnetic plane wave in free space, of the type considered 
in Chap. 17 Sec. 7, its value is 120,/% = 377 obms. 


Hence 
Ey 
= 120,/% seca % 377 sec & ohms. 


Hy 
Since, for an H,,-mode, sec 2 = ae » this equation may be written 


RE iN 
i eR 


4 4 E transverse Ag 
In general the equation Se — a 120./% 3 holds for all 


Hp "Weres propagated in rectangular gwides. The corresponding result 
for Ey,-waves is 

B transverse A 

WH transverse *~ L0V% Ag 


(In this case it is the E-field which is resoived into two components, 
whilat the H-field is entirely transverse, so that the effective ratio 


Bie sess then that ror free space). 


i 
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This ratio —E transverse 5 called the Wave Inpedanee 
H transverse 
for the mode considered, and has a uniform value at all points of the 
wave front of a progressive wave. 


If a waveguide is terminated in a resistive film whose 
resistance per unit area is equal to the wave impedance the de is 
properly matched for the mode considered (see Seco. 37 and oy. For 
eny other termination some reflection occurs and standing waves are 
developed, 


Whereas it is not usually practicable to measure the 
effective impedance of the termination, the standing wave ratio may be 
determined by means of a standing wawe indicator, and various means may 
be adopted of eliminating the standing waves on the main run of the 
guide. Since for a single mode in a given guide the SWR and the positien 
of nodes and antinodes gives a sufficiently oomplete description of 
the stending wave pattern for practical purposes, it is possible te 
apply the same techniques for dealing with stending wave problems in) 
waveguides as are used for tranmxiasion lines. In particular, circle 
diagrams may be used, the value of the normalised impedance (Chape4, 
Sec.4.8) indicating the position in the guide relative to the nearest 
E-node or antinode for a given SWR. Since we are not interested in 
the actual impédances in the guide it is not necessary to use any but 
normalised impedances and admittances, for which the same symbols will 
be used as for transmission lines. 


Where circle diagrams are used to illustrate waveguide 
properties it is assumed that the reader is familiar with the treatment 
of circle diagrams given in Chap. 1. 


37. Reflection fran the Waveguide Termination 


As in the case of tranmission lines, wiless a waveguide is 
properly terminated, energy will be reflected and standing waves will 
arise, The ideal termination must have an impedance equal to the 
characteristic impedance of the guide for the mode considered. If the 
normalised impedanee presented by the termination is the fraction 
of the wave a is given by :~ 

21 

ps [Z] ea 
P is called the reflection coefficient (compare Trenmission Lines, 
Chap. 4, Seo. 9). If [22]= 1 the waveguide is properly matched and 
no reflection occurs. If the guide is terminated in a perfectly con- 
ducting metal sheet, 2 Q and P = <1, so that the termination acts 
as a short-circuit and at the termination the E-field of the reflected 
wave is in opposition to the E-field of the direct wave. If = ©, 
the termination acts as an open-circuit, and at the termination tne 
H-field of the reflected wave is in opposition to the H-field of the 
direct wave. In waveguides, however, if the end of the guide is left 
open, the terminating impedance is not infinite but possesses a 
resistive component, due to the radiation from the end of the guide, 
and a reactive component due to evanescent modes excited at the dis- 
continuity; (see Sec. 42). 


The equivalent of an open-circuit termination is provided by 
a short~circuited =" section of the guide (compare Chap. 4, Sec. 26). 


The input impedence of such a section, if losses are neglected, is 
infinite, 
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A theoretically perfect match is obtained for any mode if 
the guide is terminated in a resistive film whose resistance per unit 
area is equal to the wave-impedance for that particular mode in the 
guide. The film must be backed by a short~circuited iE section of 


the guide so that the fimite impedance at the open end does not 
appear in parallel with the terminating impedance, Other methods 
of correctly terminating a waveguide are discussed in the next section. 


Where the guide is improperly terminated, so that a stand- 
ing wave occurs, the standing wave ratio is given by :- 


= £ f 1+ lel 
Ss rer 
gE 4&8 1 ~ [PI 


where 8, ¥ and #, H are maximum and minimum values of the transverse 
components of electric and magnetic fields respectively, measured at 
corresponding positions of the guide cross-section. 


38. Practical Methods of Achieving a Reflectionless Termination 


In order to test 4 waveguide run for reflections at joints 
and bends and to measure the impedance of obstacles, stubs end slots, 
it is necessary to be able to terminate the waveguide in a reflection~ 
less termination. Any reflected wave then appearing in the guide must 
be due to some cause other than the termination, 


A practical form of termination that gives negligible re- 
flection and is suitable for work at low powers is the wooden load. 
Wood, as a material, strogly absorbs electromagnetic radiations at 
centimetre wavelengths; consequently if a wooden wedge of either of 
the forms of Fig. 231 is inserted into the end of a rectangular wave~ 
guide which it fits closely, the two component plane waves of the Hoa- 


wave in the guide enter the wood at the sloping face and penetrate into 
its interior where they are absorbed so that there is little reflection 
at the surface. 


The sloping faces 
of the loads are parallel 
to the electric vector of 
the incident Hoj)-wave, 


consequently Fig. 231 re- 
presents a view of: the 
broad face of the wave- 
guide, That portion of 
the wave which is re- 
fleeted from the wood sur- 
face continues to travel 
along the guide in the Fige 231 ~ Reflectionless terminations. 
same direction, obeying the 

optical law 





Augle of Incidence = Angle of Reflection, 


and undergoes successive reflections until the energy is almost com 
pletely absorbed. To avoid appreciable reflection the sloping faces 
should not be less than 2 Ag in length; the SWR in the guide is then 


of the order 1°05:1. 
In a circular guide the reflectionless load is a long cone 


with a cylindrical butt-end. As an alternative to wood, a composition 
of bakelite and graphite is sometimes used, and for work at high powers 
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a mixture of rraphite and sand is employed. 


In both rectangular and circular guides there is an optimm 
value for the angle between the waveguide walls and the sloping sur 
face of the load. 


39. Attenuating Section 


In measurements of standing wave ratios, in order to deter- 
mine the réflection coefficients and impedances of waveguide elements 
and loads it is essential to isolate the generator from the standing 
wave indicator and the termination in order to avoid variations in 
the load on the generator which could affect both its frequency and 
power output. This is achieved by the inclusion of an attenuating 
length of waveguide which is merely a length of normal rect 
guide with a thin strip of absorbing material, wood or bakelite im- 
pregnated with graphite, fixed internally to one of the narrow faces, 
The attenuation of some 10 db. in the signal which is thus achieved 
is sufficient to isolate the generator. No reflected wave of any 
appreciable amplitude then reaches it. 


40. Reflection from an Irre ty in a Waveguide 


If an obstacle or irregularity is introduced into a wave- 
guide, electromagnetic energy is reradiated or "scattered" fran it so 
that a wave is reflected back along the guide (Pig. 232). Another 
wave is generally reradiated from the obstacle away from the source, 
but this does not interfere with the input admittanoe of the guide 
and is, for the moment, ignored, The obstacle may thus be regarded 
as introducing an additional impedance or admittance either in series 
or in parallel with the impedance already present. Whether this 
impedance must be considered as a series or as a shunt impedance de- 
pends on the shape and position of the obstacle in relation to the 
fields and wells of the guide, 


: A theoretical investigation, into which we shall not enter 
here, leads to the conclusion that when the discontimuity scatters 
symustrically (that is, the transverse electric vectors in the wave 
fronts of the two waves sosttered in opposite directions are equal and 
similarly directed at equal distances from the scattering section) 

then the discontinuity behaves like an impedance (or admittance) placed 
in shunt across a trenmpission line. If, however, the scattering is 
enti-symaetrical (amplitudes at equal distances are equal but the 
electric vectors are oppositely directed) then a series representation 
is required. 


Obstacles possessing geometrical symmetry when placed with 
an exis of symmetry parallel to the electric veotar, scatter symetri- 
cally and therefore behave asshunt elements, 


CYLINDRICAL 
OBSTACLE 


Fig. 232 — Soattering of 
waves by an obstacle in 
a rectangular guide, 





REFLECTIONLESS ! 5 
TERMINATION é 


LONG ARROW - INCIDENT WAVE 
SHORT ARROWS:- WAVES ORICINATING 
AT OBSTACLE 
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SE 
Determination of the Admittance of an Obstacle 


Consider a rectangular waveguide (Fig. 232) terminated in 
a reflectionless load, within which a metallic obstacle has been placed. 
The obstacle may be, for instance, a thin metal cylinder that projects 
a short distance into the waveguide, with its axis parallel to the 
short edge of the cross-section. When the cylinder is withdrawn the 
electromagnetic field in the guide is merely that of the Hy wave 


travelling from the generator to the load, 


When the obstacle is introduced at the dotted section it 
distorts the field of the H))~wave in its vicinity because the oamponent 


of the electric field tangential to the surface of the obstacle must 
venish, In the partioular case of the oylinder the electric lines of 
the Hp) ~wave which themselves run parallel to the short edge of the 


cross-section are also parallel to the axis of the cylinder. The dis- 
torted field near the dotted section can be resolved into the following 
constituents t~ 


(i) The original Hoj-incident wave (indicated by the long 
arrow in Fig. 232). 


(44) A pair of Hoj)~waves originating at the obstacle, the 


one propagated towards the generator and the other to- 
wards the load (these waves are indicated by short 
arrows in Pige 232) 


(444) A series of evanescent modes which are prominent near 
the obstacle but disappear at a sufficient distance from 
it. These form the storage field. 


The relative amplitudes and phases of the components (i), (ii) and 
(444), of the field are such that the tangential electric field is zero 
both over the surface of the obstacle and at the wells of the waveguide. 
Take the cross~section of the waveguide at which the oylinder is 
introduced as the section/= 0. At another seotion at a sufficient 
distanee { away towards the generator, the evanescent waves will have 
become unimportant and the electromagnetic field reduces to that of the 
incident wave, A cos (ot + k/ ) with that of the reflected wave 

B cos (ot - kf + 9) superimposed. The resultant field E is given by 
the equation 


E= A cos (wt + kf) + Boos (wt -k/ +9), 
2a /oos (ot + kl) + [hl cos (wt - kf nf, 
where, B/A = = |h/ and k=z2n/ Ag Or in camplex notation, 
peace dot (ede! 4 ned), 
where hs inj ¢ 
thus from the standpoint of the section at position oy the section at 
$ 


2 = 0 possesses a reflection coefficient h= [hi ¢ when the 
obstacle is in position, end an associated admittance yz = (1 ~ h)/(1 +h) 


= G, + JBee 


When the obstacle is removed the reflection coefficient of 
the section / = 0 becomes zero, and its normalised edmittance becomes 
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The coefficient h = ‘hi€ is the reflection coefficient 
of the obatacle for a single progressive wave incident on it. 


To find the individusl admittanoe of an obstacle of 


arbitrary shape it would be necessary to measure it experimentally. 
The most direct method is to terminate the waveguide in a metal plate 
and to introduce the obstacle at an E anti-node in the standing wave 


pattern. At this place the admittance of the section is sero 


and becomes [r+] = [73] when the obstacle is imtroduced, The stand- 
ing wave pattern between the obstacle and the generator is now investi- 


gated with a standing wave indioator and the admittance [y; | determined 
from it. 


Alternatively, the waveguide can be terminated in a reflect- 
idonless termination and the obstacle may be introduced at any convenient 


position. The impedance of the section then becomes [ye]= 1+ [7a]- 


Obstacles that do not themselves absorb power possess 
admittanees [yq] thet are pure susceptances, [ya]= z 5): When the 


susceptance is positive it is termed capacitive and when negative, 
inductive, 


41. Standing Wave Indicatcr 


The deleterious effects of standing waves in transmission 
lines have been discussed in Chap. 4, Sec. 32. Whilst standing waves 
may be introduced deliberately into short sections of waveguide for 
matching purposes, their presence in general is equally undesirable, and 
for similar reasons, as in the case of transmission lines. It is 
therefore usual to incorporate in the guide same devioe for detesting the 
presence of standing waves so that matching systems can be adjusted to 
minimise then. 


As in coaxial lines, the measurement of the standing wave 
ratio in a waveguide normally necessitates the insertion of a probe or 
loop into a slot or series of holes in the guide, Alternatively 
apertures may be made in the guide so that mall, evanescent waves are 
formed outside the guide, indicative of the field strength inside, 
Care must be taken that the energy radiated thro the slot or aperture 
is negligible, and that the irregularity int into the waveguide 
does not appreciably disturb the mode of propagation (see Sec. 15). 
The field strength is indicated by a suitable form of galvonometer, 
such as a neon lemp, valve voltmeter or crystal detector and micro- 
emeter., The variation in field strength at different points along 
the guide indicates the presénce of standing waves, and the ratio of 
maximus to minimum amplitudes gives the standing wave ratio, 


If suitably desipned, the standing wave indicator may be 
calibrated so that it fulfils the dual role of measuring both standing 
wave ratio and also absolute ficld strength. 


A novel form of standing wave indicator, suitable for 


operation at wavelengths of the order of three centimetres, is illus- 
trated in Pig. 233. 
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A straight 
length of rectangular weve- 
guide has two narrow 
transverse slots cut in the 
broad face A o/t apart. <A 


piece of curved waveguide is 
fixed to the straight wave- 
guide so that the slots are 


common to both guides where 
the walls are in contact. ew 
Thus power can be radiated Pie a 


from the straight weveguide SLOTS < 


through the slots into the ee i 10 LOAD 
arms & and B of the curved FROM Source qr BEE 
guide. By this arrangement 
the radiations from the slots 
which are excited by the ri 

: & 233 = Fixed frequency 
direct wave in the main standing wave indicator. 


guide (travelling from left 

to right in Pig. 233)rein- 

force to give a wave in the 

arm B, but cancel to give 

no radiation in the am a (compare End+fire Array, Chap. 17, Sec. 39). 
Conversely, the reflected wave in the main guide causes a wave to travel 
in A but not in B. 


Thus, weves travel in the arms A and B whose amplitudes are 
proportional to the reflected and incident waves in the main waveguide. 
In principle, when A and B are terminated in similar field~strength 
meters the reflection coefficient of the load in the guide may be 
obtained directly. In practice it is difficult to obtain meters of 
equal sensitivity and a better arrangement is to teminate B in a 
reflectionless load (Sec. 38) and to calibrate the output from A against 
standard mismatches in the main guide. Then, provided the power in 
the direct wave does not vary, the standing-wave ratio may be read 
directly from the meter at A. This device can be used at only one 
wavelength since the slots must be A of apart. 


42. Elimination of a Reflected Wave 


To eliminate a reflected wave the standing wave pattern is 
first found by means of a standing wave indicator, and the section at 
which the admittance assumes the form [y,|= 1+ 3[B] is located from a 


circle diagram. If now, an obstacle whose normalised susceptance is - 
= is introduced at this section the admittance of the section 


becanes = l+ 3[B] - 3(B]= 1. (It is assumed that the obstacle may 
be represented as a shunt impedance (see Sec. 40)). The reflection 
coefficient pt = (1 ~[¥] /G +[¥%] ) therefore becomes zero and no 


reflected wave returns to the generator. 


Fige 234 indicates how the correct position for the obstacle 
may be found relative to that of an E antinode in the standing wave. 
An E antinode is a position of minimm admittance Y . The point K on 


the circle diagram corresponds to this position along the guide. The 
point L corresponds to the position where the admittance is[y]= 14+ a{B | 


It is a distance £ 1=mA g away from the E antinode in the direction of 
the generator where n, is the n-value of the are ML on the circle diagram. 
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It is required to add the susceptance - j at this point in order 


to match the waweguide. Alternatively an admittance + j could be 


added at a distance io = Ny A g Which corresponds to the point N on 
the diagrem with Ny as the n-value of the arc MN. 








(a) 
E ANTINODE | 
LOA 
(b) 

5, Se wt Ne 

ol ~ es 

\ XQ 

2 £ 


Fige 23) ~ Elimination of reflected wave. 


It is useful. to illustrate what has been said above by 
actual experimentel results, obtained using a standing wave indicator. 


A 23" x 1" rectangular waveguide with an open end was fed by a 9 an 
generator under the following conditions t= 


Wavelength Ag in guide = 13-8 an (twice distance between 
adjacent minima). 
Standing wave ratio & = 2°83, 


Distance ¢4 of nearest E antinode from the open end 
= 6°6 an = 0°478 Aye 
From the circle diagram we find:« 
[2] = 2°46 = 0-895 or|¥4] = 0°36 + 0-135 . 
Thus the impedance is, clearly, not infinite but a 


resistance and a capacitance in series, or, regarded as an admittance, 
a conductanee and a capacitive susceptance in shunt. 


The equivalent circuit representation of the waveguide and 
its termination is a trangmission line of characteristic im~ 


pedanoce Ry terminated in a load comprising a resistance 2°46 Ry and 
a reactence (condenser) = j.0°89R, in series, or alternatively in a 


resistance whose conductance is 0-36/R, and a condenser whose sus- 
ceptance is j.0-13/R, in shunt. 
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These loads possess the same reflection coefficient and 
produce the same standing wave pattern on the line as does the open 
end in the waveguide, 


We suppose next that it is required to eliminate the re- 
flected wave in the major portion of the waveguide. We have := 





Standing wave ratio S = 2°83 = dex i 
O° 354. 
The admittance at an E antinode is = = 0°35) consequently, OK in 


Fig. 234 (a) is equal to 0°35. From a circle diagram it is found that, 
for the point L,[y]= (1 + 5[B}).n, = 0°163 and ML = 1°07. 


We conclude that at a section which lies at a distance 
fy = mA, 0163 x 13'8 = 2°25 om away on the generator side of any 


E antinode, the admittance of the guide is there equal to = 
(1 + j.1-07). At the point N we find np = 0-337 and MN = -j.1°07. 


The admittance at a distance to = 0°337 « 13°8 = 4°65 an 
is therefore [y= (1 + Jj. 1°07). 


It was found that ‘a complete elimination of the reflected 
wave could be achieved by protruding a metal sarew into the guide 
through a longitudinal slot in the broad face at the position N 
(Fige 234 (b)). ‘The serew was mounted in a holder so that by turning 
it slowly the extent to which it projected into the guide parallel to 
the electric field could be controlled, 


For a certain length of screw within the guide the standing 
wave indicator showed that the reflected wave had disappeared, 


It follows that, if is the normalised admittance of the 
screw itself then, since, 


= (lL = je1°07) + [ya] = i 
= +J * 1°07. 


This length of screw therefore possesses a capacitive sus- 
ceptance = 1°07. To check the value of this susceptance the end 


of the waveguide was closed by a metal plate and the screw removed, A 
astanding wave indicator located an E antinode and the screw was placed 
at this position projecting to the seme extent into the guide as before. 


The standing wave pattern was found to be displaced as a 
whole a distance 1°8 cm. away from the generator by the introduction of 
the screw; that is, the E antinode lay 1°8 an away from the screw on 
the side away from the generator. 


If we form n' = 1°8/Ag = 0°13 and locate the point P 
(Fig. 234 (a)) on the real axis at the end of the n-arc whose n value is n 
= n' = 0°13 we obtain the normalised susceptance of the screw as 
OP = j.1°07. This follows because a displacement of (0°5 - 0°13) Ag 


from the screw towards the generator leads to a position of zero 
suseeptance (E antinode). The corresponding motion on the circle 
diagram is along the imaginary axis from P upwards to plus infinity and 
then from minus infinity to 0. 
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It is found that when the screw is short its susceptance is 
positive (capacitive) but when it extends across the guide almost to the 
opposite face its susceptance becomes negative (inductive). There is 
an intermediate resonant length (approximately A/,,) at which the sus- 
ceptance is sero, A wire extending across the centre of the waveguide 
with its length parallel to E behaves as an inductance in shunt. 


43. Matching Devices 


Various matching devices are employed in waveguides, most of 
them being of the symmetrical type which in effect introducesa suscept— 
ance in parallelwith the guidee The only series obstacles in common 
use are slots in the walls,used for purposes of radiation and switching 
and these are dealt with elsewhere (Aerials, Chap. 17 Sec. 54). 


Although in general, the only method of finding the sus~ 
ceptance of an obstacle is to measure it, yet the principles of eleotro= 
magnetiam have been applied to calculate the susceptances of several 
obstacles possessing simple geometrical forms. This makes it possible 
to design a structure to have a specified susceptance. A common form 
of obstacle is the diaphragm which is formed by a thin metal strip or 
a pair of strips lying in the cross section of the waveguide and 
stretching from one wall to its opposite. Such devices are commonly 
called irises, but this term should be reserved for diaphragms which 
can be varied mechanically. 


The principal types are :- 

(i) Capacitive Diaphragm (Fig. 235) 
(ii) Inductive Diaphragm (Fige 236) 
(iii) Resonant Diaphragm (Pige 241) 


The Capacitive Diaphragm (Hy)-mode) 





In this case the strips are normal to the electric field as 
shown in Fig. 235. The formula for the normalised susceptance of this 
Iris is := 


[yy 3{B] = 5 a 08 log, cosec (za) . 


The field in the vicinity 


of the edges of the strips - ae a 

resembles the electro- 0 FZZZZZZ2 

static field that would a d c 

exist were the side walls | BZ 

of the guide to be re- tT DIRECTION OF PROPAGATION -———s» 

moved end the upper and ae oan SECTION LONGITUDINAL SECTION 
7 OF GUID 

lower faces to become a E 

parallel plate condenser. Ee 


ee as 


This quasi- 
TRANSMISSION LINE ANALOGUE 


electrostatic storage 
field can be represented 
ee nen Figs 255 - Saas diaphraga 
However, under the in- (Hoy-wave) 

fluence of the incident 
Hoy-wave, oscillatory charping currents flow into and out of the strips 


from the upper and lower walls of the waveguide and these currents 
radiate the scattered Ho Wevese The presence of the storage field 
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introduces a phase difference between these oscillatory currents and 
the oscillations of the incident E-field, so that a phase shift 9 is 
produced in the reflected wave relative to the incident wave, 


The capacitive diaphragm is not employed where high powers 


are to be handled since the concentration of electric field at the 
edge tends to cause breakiown in the dielectric (air). 


The Inductive Diaphraga (Hoy ~mode ) 


Here the strips run parallel to the electric field, as 
iliustrated in Mg. 236, 


ee et 
7 YY 
19 y | 
y y Ie 
iY Z 
(a) (b) 
CROSS SECTION OF GUIDE TRANSMISSION LINE 


ANALOGUE 


Fige 236 = Inductive diaphragm (Ho, -wave) 
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Fige 237 - Design curve for inductive 
diaphragm in rectangular guide (Ho,-wave). 
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The formula for the susceptance of this diaphragm is 
A 2 
ial) Ba) ap ee Cah 


Bi}b 

Fige 237 is a design curve in which is plotted as a function of 
g 

D/o. The currents driven in the strips by the incident E veotor 
excite a storage field rescivable into evanescent H-modes and at the 
same time radiate an H,)-wave,part of which is reflected back along 
the guide. This diaphragm behaves like an inductance shunted across 
a trausmission line. It is used in practice to eliminate the wave 
reflected from the open end of a waveguide. 





Inductive Wire (Hp ~mode) 


A cylindrical wire stretched across the waveguide parallel 
to the E field hehaves 
as an inductive shunt- 
lag susceptance. The 
susceptance of the 
wire shomn in Fige 
238 is, when the wire = 
is thin (x <A,) te 

a 


[m1] = ~3[Fy] Ae 
3 2AB |» — ©) 


2 : (a) 


(tog, 28 -2) 
Fig. 238 - Inductive wire (Hy ~eve). 








Diaphragms in Circular Waveguides (H, y-mode) 


When a circular waveguide is designed to carry an Hy) -wave 


but no other, then suitable diaphragus can be used to eliminate re~ 
flections as in rectangular waveguides. 


Figs. 239 (a) and 239 (b) illustrate respectively the forms 
assuued by a capacitive and au inductive diaphragm in a circular 
yaveruide carrying an Hiy-wavee The shaded regions represent thin 
uetal diaphragms that lie in the plane of the crass-section. 


J CURRENT ' 


oe 
Bee / 


\ 
} CURRENT 





(a) (b) 
CAPACTIIVE DIAPHRAGM INDUCTIVE DIAPHRAGM 


Bigs 259 = Diaphirayns in circular suides 
(Hy y-rere )e 
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Resomant Diaphrapms 


We next con- 
sider how it is possible 
to combine a capacitive 
and an inductive diaphragm 
to produce a composite 
diaphragm whose admittance 
is sero and which 
therefore does not reflect the 
wave. Consider first 
the arrangement of irises 
indicated in Fig. 240, for 
en Ho) wave in a rectangular 


guide. 


The waveguide, 
which ends in a reflection- 
less load, carries a 
Capacitive diaphragm at the 
section P. The admittance 





of this_section is_ Fige 2if) = Resonant diavhramis 
1+ 3/By)) where [B,] ia the . eA 
(2 + 3[Ba)) Fyre)» 


susceptance of the diaphragm , 

The admittance of the wave- 

guide section at Q a distance Ag/2 nearer the source than PF is also 
re 

(1 + 3}51)) before the introduction of the inductive diaphragm. hen an 

inductive diaphragm whose susceptance is ~3{By | is introduced at B the 

admutiance of the section at \Y becomes 


[y]= 2+ 3[By]- s/BJ=2 


Its reflexion cuctficlent is zero and no reflected wave 
returns to the source. In fact the diaphragm at B has been used 
to match the waveguide at this point. Fige 240 (b) shows the analogous 
transmission line system. 


There is clearly an infinity of paire of diaphragms (4 s)), 


that can be combined in this way to produce a reflectionless combina= 
tion. It would clearly be more convenient however if the two diaphragms 
could be combined at the same section, Q for inatance, instead of at 
separate gzections P and Q. It is, in fact, found possible to super 
impose a capacitive and an inductive diaphragm to produce a reflectionless 
rectangular structure such as thet show in Fig. 241 (a). Such is 

known as a Resonant Diaphragm. Its admittance is zero. It is found that 
the widths of the capacitive and inductive portions of the resonant 
diaphrapm are not the same as those required to give no reflection with the 
arrangement of Fig. 240 (a). This is because the storage fields of 

the two diaphragms are now interningled and the inductive and capacitive 
portions do not behave 





independently or each a 

other. A useiul, but + ree 3 
BPpreXiuste, aesigi t Piha Dog feng, . 
procedure is illustrated a a a 
in Fig. 241 (b), where eee 
FQRS represents the ge gee yO 
section of the rect- tee gS 
angular waveguide, The (a, (b» 

curves PLS and QMR are 

the ee a Fige 241 - Resonant diaphrarn 
hyperbola that passes (Hoswave). 
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through the oorners PQRS and such that the distance between the poles 
IM is A/o ( A = free-space wavelength). If the corners of the aper~ 
ture of the composite diaphragm are made to fall on this hyperbola then 
the diaphr is approximately resonant. The dotted rectangle in 
Fige 2h1 (b) da an examplee There is an infinity of such resonant 
structures for any waveguide section. 


If b and a, and bt and a’ are the dimensions respectively 
of the waveguide cross-section and of the diaphragm, then the 
geonetrical construction given above is equivaleat to the following 
relation between these dimensions. 


2B f- (7*. ue i~ hn 27* 


It may be seen from Fig. 241 (b) that when a'/>' is emall, then b! 
is approximately equal to 4/2; that is, the resonant length cf any 
narrow slot centrally placed in a diaphragn, with ita length per- 
pendioular to the electric fheld, is very nearly 4/2. 


The transmission line analogue of a resonant diaphragm is 
shown in Figs 242. At resonance the L-C cirowit becomes a rejector 
cirouit that places zero shunt admittance across the line. Con- 
sequently a progressive wave passes the structure without reflection. 
A thin 4/2 slot out in a motel diaphragn across a circular guide 
carrying an Hj -wave and placed with ita length at right angles to 
the electric field behaves as a resonant iris that transmits the 
incident wave completely. 


Pige 242 = Analogue circuit 
for resonant diaphragme 





news Cp) CQ Zz 
(@) Qu) ©) @) © GH) — @ (Hed 


Fig. 243 shows a set of resonant structures that trans- 
mit the progressive wave without reflection. The resonant length 
of the slot in Fig. 243 (a) was found at A= 9-1 am, to be about 
4% shorter than 4/2. For the composite I-C résonant iris of 
Fige 243 (0) the inner circumference of thé gap at resonance, when 
thin, is almost equal to A « 


The Q-Factor of Resonant Dia 





Although the diaphragm at resonance is almost perfectly 
transparent to the mode for which it is designed, changes in the 
frequency of the wave propagated along the guide cause changes in 
the admittance of the diaphragm and partial reflection occurs. 
The behaviour is similar to that exhibited by a parallel resonant 
circuit shunted across a transmission line. 
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as shown in Chap. 1., Sec, 19 , the amplitude 7 of the 
voltage developed across a parallel resonant circuit when supplied 
with a constant feed current is given by 

“aA 


vos v. cos g, 


where tangs 295, § being the fractional detuning +Ot 
. r 


and 
¥_ the value of 7 at resonance. It is thus possible to measure the 
Q of a parallel resonant circuit in terms of the reduction in the 
amplitude of 4 for a given value of &. 


A similar procedure enables the 9 of a resonant diaphragm 
to be determined experimentally. ‘The quantity measured is the 
magnitude of the voltage or current induced in a circuit coupled to 
the fields developed in the guide on the side of the diaphragm 
farther from the generator, by means of a cable terminated in a 
non-resonant loop or probe. Thus, when Q is large the diaphragm 
begins to give rise to serious reflections for a small fractional 
frequency shift + f/f», but if Q is small then it remains 
transparent over a reasonably large range of frequencies. 


As example , consider the resonant structures shown in 
Fige 243. At a wavelength of 9°1 =m. it was found that the Q of the 
slot of Fig. 243 (a) was 25 for a slot width of ‘0°5 mm but equal to 
50 for a width of O-l mm. In general, the narrower the slot the 
larger is the value of q. 


The value of Q may be reduced by using the structure of 
Fige243(b)instead of a slot. With the c:radght section 4°2 mm wide 
and the r-dius of the end circles equal <c 14. mu the Q was reduced 
to the value 9. Such e structure therefore ls irangparent over a 
relatively wide range of frequencies. 


The J values in terse -: riig width for the diaphragm 
of Fig. 243 (c) were as follo:’s :~ 


Ring width inmm! 0-1 | 0-5 
a 4O | 20 
In all these exemples the diaphrages were made of foil 0-004" thick, 


When brass of thiclmess 2” was used the Q factors were approximately 
doubled, 





4d. Switches and Protective Devices. 


The electric field strength at the centre of a resonant 
slot is many times greater than that in the progressive waves at some 
distance from the slot. Consequentiy, when high powers are trans-~ 
mitted an electrical discharge may occur in the dielectric across the 
gape This fact is made use of in the gas-filled resonant cell. 

Here the slot is enclosed in a glass capsule which is filled with 
commercial neon at a low pressure. 


Figs 2hi (a) _ COPPER 
represents a sectional 
view of Fig. 243 (c), and GAS 
Pige 244 (b) a sectional GLASS 


view of Fig. 243 (a), 

each representing a re- 
sonant diaphragn enclosed in 
a gas-filled cell. These 
cells with the diaphre gus Pige 2h) = Simple T/R cell. 
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projecting as rims can be fitted into circular waveguides. They are 
quite transparent to waves of low power, such as the signal to the 
receiver, but spark over and become completely reflecting when a 
powerful wave from the transmitter strikes then. 


A cell containing a resonant diaphragm of the form shown in 
Fige 243 (b) is used at 3 on wavelengths under the name CV.115. In 
it, however, the circles are larger and the intervening straight 
portion of the window is much shorter than as shown in the figure. 


Since cells are used to provide automatic switching of 
power in common T/R systems with waveguides, they are often referred 
to as T/R cells. A disadvantage of the simple cell of the type 
CV.115 is that when used for receiver protection the spark gap can- 
not be relied upon to strike immediately. When lag in striking 
occurs enough power may pass to the receiver to burn out the crystal. 


A modified form of cell (American type 18.24, British type 
CV.221) which affords satisfactary protection of the crystal is show, 
diagrammatically, in Fig. 245. It is used at 3 ams wavelengths and 
breaks down at weaker field strengths than those required for the 
CV.115 and with no appreciable lag. 


The cell is a 
gas-filled resonant cavity 







placed in series with the PROBE CLASS 
waveguide to which it is ; 0 SEAL 
coupled at each end by now a Ya 
slots. The cell cavity ape BNGE 
is separated from the two ~ WAVEGUIDE 






portions of the waveguide GLASS FROM 


To 4 GLASS Ta 
by glass windows. It is RECEIVER WINDOW , WINDOW TRANSMITTER 
re 
brought to resonance by 2 ae : 
adjusting the separation NEON CAS AT REEXBEE WALL 


of the two spikes that poe eens Se 

project into it as shom, TUNING SCREW 

the upper spike being : 

hollow, This adjustment Fig. 245 - Adjustable T/R cell. 

is accomplished by means 

of a screw which works 

against a flexible area of the wali that carries one of the spikes, 
To avoid lag in the striking of the discharge when a power wave enters 
the cell, a glow discharge is kept running between the probe and the 
inner wall of the upper spike. This spike nas a hole in the end and 
electrons diffuse from the glow discharge into the space between the 
spikes to provide the imtial ionisation from which tne high frequency 
discharge is able to build up without lag. A high resistance is 
included in series with the probe to limit the gow discharge, bus 1ts 
value must be chosen to avoid an intermittent discharge, for then the 
protective action might be vitiated; (compare Flashing Neon, 

Chap. LO Sec. 1 and Chap. 19 Sec. 10). ‘The cell permits weak signals 
to pass unaffected but blocks strong signals. 





A soft rhumbatron may also be used as a T/R cell, ina 
mamer similar to that auoloyed in transmission line circuits. Ine 
stead of the resonant cavity being coupled by means of pick-up loups, 
as described in Chap. 4; windows are used, the whole ceil being 
tuned by the cavity tuning adjustment, The arrangement 1s further 
described in Sec. 50. 


45. Reflectors in Waveguides 


Various reflecting diaphragms are depicted in Fig. 245. 
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Wren each is compared with the corresponding resonant diaphragm of Fig.243, 
it will be observed that the reflectors are obtained by an interchange 

of the metal and the open portions of the diaphragns followed by a 
rotation through a right angle.: A pair of Giaphregms related in this 

way are said to be complementary. Not only are their geometrical 
properties complementary, but it is found both by theory and practice 

that their electromagnetic properties are complementary also. Thus, 


/ 


(ayn) (o)Hn) (C)@n) (Kod 





Fige 246 ~ Reflecting diaphragms. 


the electrical behaviour of the thin ring in Fige 246 (c) may be 
compared with that of its counterpart, the thin circular slot of 

Pige 243 (0). When the circular slot has an inner circumference 
approximately equal to the wavelength A it is transparent and has zero 
susceptance. It is found, on the other hand that when the ring of 
Fig. 246 (c) is made slightly greater than A in circumference its 
susceptance becomes infinite and the section containing it becomes 
completely reflecting, Similarly, the halfwave strips of Fige 246 (a) 
and (b) are reflectors to an H,,—wave. 


Reflecting 
rings form very con- 
venient mechanical 
switches for diverting 


power alternately from S ~ 

one branch in @ wave- ao NE 
guide to another. The oe ‘or bs 
mall inertia of the | t 

switches allows them to { 

be turned at high speed. 


Two examples of the use 

of ring switches are (@) (b) 
given in Pig. 247. The 
reflectors must ‘be 
positioned as shown in 
Fig. 246 in order to Figo 247 ~ Use of rotating 

reflect almost completely diaphragm for switching. 

the incident wave and 

must be turned through a 

right angle so that they are perpendicular to the electric field if they 
are to allow the incident wave to be propagated wilisturbed, This may 
be achieved if the iris is rotated about the horizontal transverse axis. 
fhe mechanical simplicity of this arrangement makes it particularly 
suitable for use as a reflecting switch. Sometimes in rectangular 
waveguides a reflecting switch is made in the form of a rectangle 

(Fige 246 (@) to fit into the waveguide cross section, Its total 
perimeter is still of the order of one wavelength. 
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REFLECTIONS FROM JOINTS AND BENDS IN WAVEGUIDES 





46. General 


In radar a magnetron oscillator is often connected directly 
to a waveguide so that the circuit load on the magnetron is the in- 
pedance which the waveguide presents at its input end It is explained 
in chap. 8 Sec. 41 that the frequency of oscillation of a magnetron is 
peculiarly sensitive to the nature of the load. If therefore any 
irregularity is present in a waveguide, so as to cause a reflected wave, 
it may produce an effective impedance at the magnetron end which will 
cause the oscillation to take place at some undesirable frequency. 

This control of the frequency of oscillation by the attached waveguide 
is called Frequency Pullinge When a long run of waveguide is employed 
an additional effect called Frequenoy Splitting is observed when the 
termination reflects a wave down the guide. This effect does not 
appear when d/r, is mall. 


For these reasons it is desirable to keep all waveguide 
runs short and to design all joints and bends so that they cause the 
minimum of reflection. 


47e Waveguide Joints 


Bepges At wavelengths of 9 and 10 centimetres coupling between two 
seotions of waveguide is achieved through flat end-flanges, as shom in 


Fig. 248 (a) and (b). 
FLANGES IN CONTACT 


WALL OF WALL OF 
LEFT HAND = RIGHT HAND 
WAVEGUIDE WAVEGUIDE 





JUNCTION 
FLANGE 


HOLE FOR CLAMPING 
BOLT 


@) 





() 


Fig. 248 = Flenges for comecting 
waveguide sections. 


Fig. 248 (a) shows the face of the flange fitting flush with 
the end of the guide and 248 (b) two waveguides clamped together by 
their flanges. 


The principal causes of reflection at these junctions are :- 


(i) Misalignment of the walls at the junction causing a 
step in the walls of the guide. To avoid this the bolt holes must be 
located accurately. 


(41) Gaps between the waveguide walls across the junction 
either due to imperfections in the plane surfaces of the flanges or 
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because they ove oct Chush with the ends of the guides. Fige 249 
indicates what may occur when the 
flange faces are not accurately plane. 
The flanges arc in comtast at C but 
have left a gap at G between the 
waveguide walls. The two flange 
faces between G and C may be re- 
garded as a pair of transmission 
lines of length { and short~ 
circuited at C, so that if by i 8 
chance f is approximately equal to Sh ete Ore 
Af, (A = free-space wavelength) . 
an E antinode and an H-node occur 
at the gap G. ‘There is therefore = 
a discontinuity in the transverse rag Gane 
component of H in the Hoy wave in 


the guide at G, and therefore also 

in the longitudinal wall current. Such a gap causes a serious re- 

flection, Consequently, the faces of the flanges should be made as 
nearly as possible accurately plane and parallel. Alternatively a 

copper gasket fitted between the flanges may be used to ensure good 

contact. 





RING NUT 


HOLE FOR 
DOWEL, & + DOWEL PIN 





WAVEGUIDE 


WALL - Rine fee 








Fige 250 = Coupling uit for 
A= 3 ase 


At a wavelength of 3 centimetres these effects (i) and (ii) 
are more difficult to avoid than at the longer wavelengths and the 
design of the coupling unit is somewhat more complicated than that 
described above. A suitable device is show in Pig. 250. The two 
flanges shown here are of more solid construction and are clamped to- 
gether by a ring nut which presses on the one (female) and.screws on 
to the other (male). A step at the junction is avoided by accurately 
placed locating pins. 


As mentioned above and illustrated in Fig, 249 a camon 
source of reflection at a joint is the existence of a gap between the 
walls of the two lengths of waveguide. A form of coupling which is 
finding increasing favour uses the electrical properties of a space 
between the flanges to provide a theoretically perfect electrical 
union between two lengths of waveguide. 


The principle of these double quarter-wavelength joints, 
commonly called choke or capacity joints, is showmm in Fig. 251. An 
L-shaped recess GBA is formed by suitably shaping the surface of one 
of the flanges, the other remaining plain. This recess follows the 
contour of the section of the waveguide wall and may be employed with 
either circular or rectangular waveguides. 
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The lengths BG and BA are 
each A/, (Ais the free-space 
wave-length) as indicated. The 
portions of the recess GB and BA 
each form quarter-wavelengths of 
transmission line; consequently, 
the short-circuit at A is trans~ 
ferred to G where the standing 
wave in the recess produces an H- 
antinode, The transverse canpon~- 
ent of H in the wave thus remains 





continuous across the gap. Hence, WAVEGUIDE 

equal longitudinal currents flow halo SGA dace ly 
into and out fram the Zap as Lr] RS 
indicated, and no reflected wave ZA REN 

is generated in the waveguide at UNTER 

G 0 


The same principle is 
used to approach the ideal of a Fig. 251 - Double A/, 
perfectly reflecting piston or 4 
plunger in circular and rect~ coupling unit. 
angular waveguides. It is 
adifficult to ensure, with the 
normal piston, that good surface contact exists around the whole peri- 
meter without at the same time rendering the piston stiff in action. 


The Double “ Tuning Plunger indicated in Fig. 252 achieves both 


easy movement and good electrical termination. The recesses AB and 
BC are both A/ lengths of transmission line systems, and as before 
ensure that across the gaps between the face of the piston and the 
waveguide wall (sections at A and D) there is an antinode of H and no 
component of E tangential to the 

face. The whole face, in- 

cluding the gap, behaves there- 

- fore as a perfectly fitting 


and reflecting disc which re- WAVEGUIDE 
flects the wave in the guide 

without generating evanescent WErLEETING 
yee ones 





48. Bends in Waveguides 
Pige 252 = Double Vy, tuning 
In practice it is plunger 


necessary to introduce 

corners and bends into wave- 

guide runs by the insertion of sections with the forms illustrated in 
Fig. 253. The bend shown at (a) is mow as an H-bend and that of 
(b) an E~bend, Fortunately, it is found that provided the inner 
radius of the bend exceeds Ag.and the section of the guide is not 


distorted in the process of bending, the reflection produced as an 
Hoy wave enters is very small, The standing wave ratio associated 


with a good bend is of the order of 1°05. 
The wave in the bend resolves into two waves, and in the 
case of waveguides with a circular section carrying an 1), -wave these 


waves travel in the bend at different speeds; consequently when they 
emerge to recombine into an Hy, ~wave » the plane of polarisation of the 
issuing wave is rotated with respect to that entering. This is a 
disadvantage of circular waveguides. 
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= 


(q) 
H-BEND E-BEND 


fife | (b) 


Pige 253 ~ Snooth bends in 
waveguides. 


When it is 
necessary to economise in 
space, the snooth bends 
discussed above are some- 
times found to be ine 
convenient, especially 
at the longer wavelengths; 
consequently the sharp 
corners depicted in 
Pige 254 are commonly 
employed, Fige 254 (2) é 
depicts an H-cormer and (a) () 
(b) an E-corner, and it H-CORNER E-CORNER 
is to be noted that in 
each case the outer 
corner of the bend has Pige 25). - Right-angle corners, 
been sliced off and the 
hole formed in the walls 
closed by a flat plate. 

Experiment shows that for each bend there is an optimum value of the 
ratio c/d that gives negligible reflection. This value for an H~ 
corner was found to be 


°fa. = 0°65, 





and for an . 
E-corner c/a= 0°61, 


with a wavelength of 10°8 an.in a 7 an.x 3°25 an. waveguide. 


Twists A rectangular waveguide may 


be twisted so that the plane of the 
E-vector is rotated through an 
angle (usually 90°), and little re- 


flection arises provided the length 
of twist is not small compared with 
Ag Such a twist is shown in 
Pig. 255. 
° ing Joi Z 3 
19. Rotating Joints Fige 255 = Twist in wave-guide. 
The aerial systens of 


most centimetre wave equipments 
comprise a reflector which is a 
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portion of paraboloid or parabolic cylinder, and is capable of motion 
about horizontal and/or vertical axes, Power is fed to the aerials 
from the end of a waveguide which in some instances is terminated in 
ahorn. The waveguide feed must move with the mirror but must also be 
coupled to the fixed waveguide run from the transmitter. The aerial 
feeder must be coupled to the main waveguide so that no variation in 
power or polarisation of the radiated pulse occursas the mirror moves. 
This problem is solved by use of special rotary transformers. These 
transformers take advantage of the fact that an Ep)-wave in a circular 


guide is readily excited by an Hp)-wave in a rectanguler guide which 
feeds into the wall of the circular guide so that the E vector in the 
Hy -wave is parallel to the axis of the circular guide. 


Fig. 256 illustrates the principle of this device. At (a) 
we have an Hyj)<wave in a rectangular guide, rumning into the lower end 


of a closed circular guide whose radius is large enough for the guide 
to accept a progressive Eq “wave. It is arranged that the electric 


vector in the Hoj}-wave is parallel to the axis of the circular tube 
and readily excites in it the Eq;-mode as a progressive wave which 


travels to the top of the circular guide as shown. The longitudinal 
E-vector in the circular tube excites an Hoy ~wave in the second rect- 


angular guide leading to the aerial. 


OISTRENE 


SUPPORT 





MATCHING STEP INDUCTIVE DIAPHRAGM 


@) (b) 


Fige 256 = Rotary E-H transformer, 


At (b) certain ancillary devices are also show; they are, 
a pair of ring filters to reflect 
the Hy jy -mode which can also travel 
in the circular tube, and 
matching steps and inductive 
diaphragus to eliminate re- 
flections at the junctions of 
the circular guide and the 
rectangular guides, both in 
transmission and in reception. 







ROTATING HEAD 


METAL SEPTUM 


If the top of the ANTI“ CORONA KNOB 
circular tube is made rotatable Fig. 257 - Rotating joint, 
then the rectangular guide can be embodying two septate- 


coaxial mode transformers. 
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swung in azimuth. Since the Ey) —wave possesses axial symmetry it 
will feed equally well into the rectangular guide at all azimuths. 


An alternative rotary joint employs a septate-coaxial com 
bination which permits a considerable reduction in the overall diameter 
of the circular tube (Sec. 21 ). A diagrammatic representation of 
this form of rotary joint is given in Fig. 257. 


50. COMMON T/R WITH WAVEGUIDES 


In Chap. 4 Common T/R circuits are described, applicable 
to tranmission lines. In radar systems employing waveguides, the 
corresponding waveguide connections must be introduced in order to pro= 
vide camon T/R working. To reduce the waveguide problem to the same 
basis as that of the trangnission line, consider the currents, at any 
instant, in the walls of the guide (Pig. 207), which is taken to be 
rectangular and carrying an Hy)—Waves 
Referring to the figure there are two 
current flows to be distinguished. 
Some ourrent~flow lines are entirely 
confined to the wide walls of the 
guide and are directed, generally 
speaking, in the direction of propa-~ 
gation. These currents are strong 
along the centre line of the wide 
sides ani weaken considerably for 
mall deviations from the centre. 
Other current-flow lines start near 
the centre of a wide side and trace 
out a path over the narrow side and 
on to the wide side opposite to that 
from which they started. These 





ourrent~flow lines are, generally Fig. - ee 
speaking, transverse to the direct- es 258 ; = ssion 
ion of propagation of power down the raat aaa Ue “a 


guide. The first type of current 

dine corresponds to the current in a 

twin balanced trangission line, 

which may in this case, be taken as a pair of parallel ribbons, The 
seoond, transverse, current line corresponds to the current in a: shunt 
short-circuited stub across a twin tranmmission line. The circuit 
equivalent of a rectangular waveguide carrying an H,)—wave is, there- 
fore, a twin transmission line modified by the addition of a large 
number of shunt stubs. This is shown in Fig. 258. If the stubs 
are not to upset the transmission, they must be 4/), long. 


It is now possible by analogy to work out the common T/R 
comections. <A soft rhusbatron (Chap. 6) is employed as a switch. 
This acts like a parallel tuned circuit of fairly high Q and will spark 
over readily. In Chap. 4 (Fige 182 (a)) the rhumbatron is shown with 
loop coupling, but for coupling to waveguideswindows or irises are 
used. A hole is cut in the side of the rhumbatron and a similar hole 
in the guide wall; the rhumbatron being then clamped firmly against 
the guide ( Fig. 259). With a suitable size of hole the coupling is 
practically 1:1 and the rhumbatron, or parallel tuned circuit, may 
then be considered as directly connected. Thus if a rhumbatron, with 
window coupling, is placed on the narrow side of a rectangular guide 
(Pige 259), the equivalent circuit is as shown in Fig. 260, the 
parallel tuned circuit and switch being 4/4 away from the transmission 
line and shunt comected, The shunt arrangements of Figs. 180, 181 
and 182 (Chap. 4) can thus be developed. 
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Ty 


CROSS-SECTION wintows 
Ore GUIDE GUIDE AND 
RHUMBATRON 


RHUMBATRON 


Pig. 259 - Shumt window [ 

coupling between rmmbatron 

and guide, Fige 260 - Circuit analogue 
for rhumbatron switch. 


A typical TAR 
connection with rect- 
angular Waveguide is showm TO RECEIVER 


in Fige 261. ‘Two | 

rhumbatrons are employed £o0F 
with window coupling to Oo 

the guide. The receiver 


feeder is loop-coupled 


into the rhumbatron AERIAL pH 3Ag/,—m] & TRANSMITTER 
nearest the aerial, and 
the equivalent circuit : 6 


is show in Fig. 262. 
During transeisszion, 
the gas in the rhumbatrons 
ionises. The tuned 


circuits are thus short~ Pigs 261 - Side view of comon T/R 
circuited, giving rise switch, employing two soft 
to open circuits A,/bh rhumbatrons shunt-connected. 


away on the main line 

and allowing the trans- 

mitter power to pass to the aerial. During reception the gases are 
deionised, The rhumbatron nearer the tranasitter acts like an open 
circuit and presents zero impedance /i away, on the main line, 
This apparent short-circuit seen from the receiver junction 3 A g/* 


away, looks like an open-circuit. The received signals therefore find 
a very high impedance, looking towards the transmitter, at the receiver 
junction, and proceed through the receiver rhumbatron and into the 
receiver feeder. 


On very short wavelengths, the feeder connection from the 
rhumbatron to the receiver may be undesirable owing to excessive 
attenuation in the feeder. In this case a waveguide replaces the 
feeder and there is window coupling both into and out of the rhumbatron. 
Series connection to the waveguide may also be used instead of shunt. 
In this case the rhumbatron is connected to the broad face of the guide 
and is usually off-set effectively 4/2 from this face by interposing 
another section of waveguide (Fig. 263). This section and the guide 
leading to the receiver are often circular. They carry an H,j-wave 


and so are similar to a rectangular guide carrying an Hj) -wave. The 
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RECEIVER 
Te ge." 
x 
4 


RECEIVER 
AERIAL JUNCTION 







MAIN TRANSMITTER 


LINE 






Fig. 262 - Circuit enalogous for 
fige 261. 


circuler guide is wider than the 
rectangular and so it is easier TO RECEIVER 
to place a orystal across it, 

to form the crystal converter which 
is the initial part of the 
receiver. 


It is usually found WINDOWS 
in practice that the tuning of =i 


the rhumbatron nearer the ‘ CIRCULAR 
transmitter is very broad and We SuIDE 
hardly affects the performance aon = 

of the set. On very short wave- AERIAL & TRANSMITTER 
lengths this rhumbatron is some~ 

times replaced by a resonant iris RECTANGULAR MATCHING PIECE 

of the dumbell type (Fig. 243 

(b)). This has a low Q and 

would not be suitable as a re- Fig. 263 ~ Series connection 
placement for the receiver rhum- of soft rhumbatron switch. 


batron. 
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CHAPTER 6 


ELECTRONIC DEVICES 


CATHODE RAY TUBES 


1. Construction and Operation 


The Cathode Ray Tube (CRT) is the principal display device in 
most radar systems. It can be thought of as an indicating device with 
a very light pointer which has no inertia. The pointer is, in fact, 

a beam of electrons which can be deviated by means of electric or 
magnetic fields. Where the electron beam impinges upon the fluore- 
scent screen of the tube it forms a spot of light, and as the beam is 
moved the spot traces out a pattern on the screen which is called the 
Trace. The brightness of the spot can be altered by the application 
of guitable potentials so that the trace may be made brighter in some 
parts than in others. In some tubes the trace on the screen is trans- 
itory and disappears as soon as the electron bean is displaced, while 
in others there is an afterglow period so that the trace remains 
visible for some time arter the electron beam is moved, 


It is instructive to compare the internal construction of a 
CRT with that of a triode. Ina triode the control grid is used to 
vary the quantity of electrons reaching the anode so that the elec- 
tron stream from the cathode is intensity modulated, In a similar 
Way.a cathode ray tube has a cathode to produce a stream of electrons 
which are accelerated by an anode system and can be intensity modu- 
lated by the variation of potential difference between the control 
electrode and the cathode. The electron stream, however, needs to 
be concentrated (focused) in a narrow beam so that after it has 
passed through the anode system it produces a snall sharply defined 
spot of light. 


The beam of electrons can be changed in direction by an 

electric or a magnetic field or can be wodulated in intensity, or both, 
and the effects will be made visible on the fluorescent screen. If 
the’ beam of electrons is deflected rapidly und repeatedly the moving 
spot of light will produce a persistent trace on the screen. Inten= 
sity modulation of the beam will vary the number of electrons reach= 
ing the screen in a given interval of time and so alter the brightness 
(brilliance) of the spot or trace (Fig. 264). 


The cathode ray 
tube consists essentially 
ofi— 


1) The electron 

eee ae courage gynegen, eat ELEC 
the gun} comp- 
rising:- a 
eathode which 
acts as a source 
of electrons; 
a control elec- 
trode which 
pe the CATHODE. DEFLECTION ei eee 
electron cOncen= 
tration in the 
beam; and an 
anode to acceler= Fig. 264 - Schematic layout of CRT 
ate the electrons. , 





FLUORESCENT 
SCREEN 






FOCUSING 
SYSTEM 
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(14) A focusing system which is commonly (in electrostatic 
fecusing) part ef the gun. 


(ii) A deflecting system. 
(iv) A fluerescent screen, 


(v) An evacuated glass bulb. 


2. Types ef Tubes 


(4) The mest common type ef tube used in radar is the hard tube 
in which the glass envelepe centaining the electrode system is 
sealed eff after the air pressure has been reduced te about 1074um, 
ef mercury. The accelerating petential may have a value frem about 
500 V to about 5 kV. depending on the size ef the tube; tubes 
normally have screen diameters between 1 and 15 inches. 


(44) Soft tubes, in which the gas pressure is about 0°01 m, ef 
mercury, ere also in use. They usuelly employ an accelerating 
potential whese value lies between 200 and 1000 V. This type ef 
tube has serious disadvantages cempared with the hard tube (Seo. 14) 
and is net commonly used. ‘ 


3. The Cathode 


The cathede is usually ef the indirectly heated type and 
censists ef a small nickel tube clesed at ene end, The emissive 
substance (such as a mixture ef barium and strentium oxides) is 
situated in a depression in the clesed end ef the tube and the heater, 
supplied with an alternating voltage (from 4 te 6-3 V. depending on 
the particular CRT) is inserted threugh the open end ef the tube, 

The beam current is ef the erder of 50 - 300 micreamps, Directly 
heated filaments aré not commonly used as cathodes except in seft 

tubes, since if they are supplied with an alternating voltage the 

electren stream is likely to be adversely affected. 


4. The Anode 





The anede is mounted a shert distance from the cathede on 
the side nearer the fluorescent screen, and usually (when the anede 
is also part ef the fecusing system) takes the form ef a disc with 
a hole about 1 mm in diameter in the centre. When the anede is 
simply an accelerating electrede, it eften takes the ferm ef a condiwc-~ 
ting layer of carbon particles (aquadag ceating) on the inside surface 
ef the glass envelope ef the CRT. 


The petential ef the anode is maintained at some hundreds er 
thousands ef velts positive with respect to the cathede in erder te 
accelerate the electrons. Some electrons travelling at a high speed 
from the cathode are cellected by the anode, whilst seme pass through 
the hole and continue te travel dewn the tube until they strike the 
fluerescent screen. The electren beam is divergent, due partly to 
the mutual repulsion of the electrons as they pass down the tube, and 
partly te the angle at which electrons frem different parts ef the 
emitting surface pass through the anede aperture. This divergence 
tends to cause the spot of light en the fluerescent screen te be 
large and diffuse. To make the spot small and well defined the elec~ 
trons must be made te converge se as te strike the screen over as 
small an area as possible, A focusing system (Secs, 11 ~ 14) is 
used fer this purpose. 
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5. he Control Electrode (Control Grid) 


Only a sim1l proportion of the total number of emitted 
electrons pass through the hole in the anode unless the electron 
stream from the cathode can be compressed into a narrow beam which 
can pass through the anode aperture. This compression is performed 
by the Control Electrode which usually takes the form of a hollow 
nickel cylinder surrounding the cathoue. It is called the Shield, 
Wehnelt Cylinder or Grid, the last name being generally used because 
the electrode has a control on the beam current similar to that 
exerted by the control prid of a triode valve on the anode current. 

If a potential, negative compared with that ef the cathode, is applied 
to the grid a region of minimum potential is produced in the neigh~ 
bourhood of the cathode. The imediate effect of this potential 
minimum is to reduce the divergence of the electron stream. Increas~ 
ing values of negative potential on the grid cause the electron 
stream to become more and more compact until at some optimum value 

the majority of the electrons pass through the anode aperture. 
However, if the negative potential is increased beyond this value 
there is an appreciable reduction in the beam current, Ina valve 
the anode current is reduced in a similar manner. The brightness 

or brilliance of the spot on the CRT screen depends on the number of 
electrons reaching the screen in a given interval of time and so is 
controllable by the potential on the grid. The grid potential can be 
made sufficiently negative so that the grid field neutralises that 

or the anode, Then the bewa ox electrons is cut otf and the spot 

of light on the screen is "blacked out". Phis corresponus to cut= 
off bias on the grid of « tricde, 


6. Brilliance 


the intrinsic brillicnce of the spot depends on the energy 
contained in the beam, [It i:, ~herefurc, proportional to both:- 


(i) The square of the + Lacity or the electrons, which 
depends on the potential ditference between anode and 
cathode, and 


(ii) the current density (number of electrons striking the 
screen per unit interval of time) of the beau which 
largely depends (Sec. 5) on the potential difference 
between the grid and cathode. 


If the spot is swept over the screen the energy of the illum 
ination is spread over a large area, Hence, on the assumption that 
the frequency with woich the movement of the spot is repeated remains 
constant, the greater the magnitude or speed of this movement, the 
less the apparent brilliance of the trace, Thus, nigh speed and 
large tubes require high anode voltages in erder to prodiuwwe adequate 
brilliance. When the spot is stationary the brightness must be 
reduced to a minimum (by control of the grid=-cathode voltage), other 
wise the persistent electron bombardment causes a portion of the 
screen to lose its fluorescence; the tube screen is then said to be 
*burnt® and no fluorescence appears afterwards at this place, 


7. =The Fluorescent Screen 


The screen consists of a translucent layer of fine powder 
adhering to the end of the tube, The emission of light during the 
actual stimulus of tne beim i: ournea Pluorescence; Light which 
continues to be emitted after the stimulus has been removed is due to 
phosphorescence and is called Afterglow. The material of tne powder 
determines the colour of the trace, and also the duration of afterglow. 
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The desirability or otherwise ef using a screen with long afterglow 
depends en the purpese for which the tube is to be used. 


The behaviour ef the screen, including its luminous efficiency, 
depends greatly on the purity ef the compeund used. Such substances 
as calcium tungstate (blue-vielet trace), zinc silicate (green), zinc 
phesphate (red) and preparations ef sinc sulphide and zinc cadmium sul- 
phide are a few from amongst those that may be used, A minute trace 
ef an Activator such as silver er cepper is necessary to prodwe the 
maximum luminous efficiency, which is ef the erder of 1 - 5 candle 
power per watt. In a good many cases afterglow of a screen is linited 
to a few microsecends, and*by the additien ef a suitable "killer* 
such as a cempeund ef nickel, it can be cut dewn te a fraction of a 
micresecend. When it is necessary to examine a trace leng after the 
stimulus giving rise to it has ended, a screen with a long afterglow 
ef several seconds may be used; such a soreen my consist ef zinc 
sulphide with a copper cempeund as an activater, 


8 Screens with Multiple Layers 


In general it is found that when a screen has an afterglow 
ef short duration the build-up time fer the light te reach maxinun 
intensity is shert ani the average intensity is high. Hewever, when 
the screen has an afterglow of long duration the build-up time of 
the intensity of the light is comparatively leng and the. average 
intensity is low. In erder to obtain leng-afterglow characteristics 
with a higher average intensity of light it is possible te use a 
sereen consisting ef two layers ef different fluorescent materials, 
The electron beam strikes the first layer and causes it to emit 
ultra-violet and visible blue light. The afterglow duration of 
this layer is usually a small fraction ef a second. The ultra~ 
violet light acts en the secend layer (nearer the face ef the tube) 
and causes the emission from it ef visible light (usually yellew). 
The afterglow duratien ef this layer is of the erder ef a few seconds, 
An arrangement of this kind is found to give a comparatively high 
average intensity of illumination combined with leng aftergilew. 
Since it has been arranged in this case that the blue light is ef 
short whilst the yellew light is ef leng duratien, it is pessible, 
with suitable light filters, te arrange fer the screen te shew the 
characteristics ef either shert er leng afterglew. Thus if the move- 
ment ef the spet is viewed threugh a filter capable ef passing blue 
light only, then the shert afterglew is seen. If, however a yellow 
filter is used, only the leng afterglow characteristic is visible. 


The use of screens with multiple layers allews fer the 
possibility ef distinguishing between these mevements ef the spot of 
light which are regularly repeated at a fixed pesitien en the screen 
and these which are net. This pesaibility is ef great importance 
in radar applicatiens. Suppese fer example that ene layer ef the 
screen, with shert afterglew characteristics, emits red light when 
activated, whilst anether layer, with long afterglew emits green 
light. If movements ef the electren beam are regwarly repeated,with- 
in a peried shorter than the duratien ef the afterglow, and at a fixed 
pesition on the screen, the green light can grew in intensity in 
cemparisen with the red. If the movements ef the beam ef electrens 
are net repeated at the same position en the screen the green light 
at any ene pesition will not attain any appreciably intensity and the 
briefer emissien ef red light will predeminate. 


9. The Skiatren or Dark-Trace Tube 


Screens are alse in use whose materials react te the stimulus 
of the electren beam by a change ef celour rather than by fluerescing. 
This celouration is most marked in the case ef certain ef the alkali 
halides, and the final colour obtained varies with the salt used fer 
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the material ef the screen. In general the material used is 
potassium chleride, and the electren beam causes a dark magenta stain 
where it strikes the white screen. 


. he staining does net die away instantaneously on the removal 
ef the exciting electron beam. There is in fact an‘afterglow" - if 
such a term can be applied te a dark mark formed on a white background. 
The rate ef the decay of the colour is found to depend mainly on:- 


(i) the initial intensity of the marking on the screen, the 
decay taking lenger, the more intense is the initial mark; 


(ii) the intensity and celour ef any light incident en the 
acreen from an external source, the decay being more 
rapid the greater is the intensity; 


(iii) the temperature ef the screen, a rise in temperature 
resulting in a more rapid decay. 


If the face ef the CRT is brightly illuminated, it and any dark trace 
an it can be projected as in an episcepe en te a large ground-glass 
screen. In this way magnified images ef the stains on the face of 
the tube can be obtained. Mercury light is usually chosen as the 
illuminant for the screen for twe reasens. In the first place, it 
is rich in the yellowish-green light band, a celeur which is approx= 
imately cemplementary ef the magenta stain, so that there is good 
centrast between the colour ef the screen and that ef the stain, 
Secondly, light ef this colour is the most active in producing the 
decay of the stains. When the screen is illuminated with a single pulse 
of intensity of about 70,000 foot-candles of mercury light the stains 
last for about 10 seconds. For repeated excitation the stains will 
obviously last very much longer. 


The type of tube described above is commonly called a Skiatron. 


10. The Glass Envelope 


The end of the glass envelope, on which the fluorescent screen 
is depesited, has a curvature which is consistent with mechanical 
strength It is worth noting that the end of a tube ef diameter 12 
inches carries a load of 3 ton due to atmospheric pressure alone. 


FOCUSING SYSTEMS 


il. General 


The necessity for focusing the electren beam was discussed in 
Sec. 4. There are three methods available;:- 


(i) Electrostatic -~ with hard tubes, 
(ii) Magnetostatic - with hard tubes, 
(iii) Gas - with soft tubes, 
Each of those three methods has its own advantages and disadvantages 


but (i) and (ii) are in common use in radar whereas (iii) is rarely 
used, 


12. Electrostatic Focusing 


This form ef focusing utilises the effects ef suitably shaped 
electric fields on the electron beam, The effects are very similar 
to those obtained when a beam of light passes through materials of 
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different eptical refractive indices. In this connection a new 
branch ef applied science, kmewn as Electron Optics, has come into 
existence, and many ef the terms used are borrowed direct fron 
physical eptics. : 


A ray eof light is refracted if it passes from a medium ef 
one refractive index te a medium ef anether. If the refractive 
index ef the first medium is smaller than that ef the secend, the 
ray ef light is bent towards the line nermal te the boundary ef the 
twe media. If an electren, meving with velecity wu) through a region 
ef constant petential V1 passes inte a regien ef censtant potential 
V2 its velocity is altered and its path changes direction at the 
boundary between the twe regiens. If wu, (preportienal te the 
square-reet ef V1) is less than ug, (preportional te the square-roet 
ef V2) the path of the electron is bent tewards the line nerml to 
the boundary; (Fig. 265). 
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Fige 265 ~ Refraction of ray of 
light and of electron beam. 


In most cases considered in electron optics the change ef 
petential frem one region te another is gradual and the path ef the 
electron is curved. In Fig. 266 the electron is shown passing 
threugh a region ef constant potential gradient, the direction ef its 
initial mevement making an 
angle with the lines of 
electrestatic ferce. In 
electren eptics the equi- 
petential planes, all at 
right-angles to the lines 
ef electrostatic force, 
are equivalent to surfaces 
ef constant refractive Teal, 
index in physical optics. 
The electron undergses 
continuous refraction as 
it passes through the 





LINES OF ELECTRIC FORCE 





equipotential surfaces, weoren---= LINES REPRESENTING EQUIPOTENTIAL 

and if it is moving fron SURFACES 

regiens of lewer te 

regions of high potential, Pige 266 - Path of electron moving 
its path always tends te through unifom accelerating 
coincide mere and mere electric field. 


with a directien perpend-~ 

jicular te the equipotential planes. This last statement is true what- 
ever the shape ef the equipetential surfaces. In an accelerating 
field an electron is deflected towards the normal to the equipetential 
surfaces; ina retarding field it is deflected away from the normal. 


294 


CONVERGENT 





AXIS OF 
LENS 









SMALLER GREATER 
REFRACTIVE (/ REFRACTIVE 
INDEX ¢ INDEX 





tf Soe AXIAL DISTANCE 


o 


{d) COMPOUND OPTICAL LENS 





PATH OF 
ELECTRON 


CONVERGENT DIVERGENT 
AXIS 


AMIS OF 
CENS 





—— ——EQUIPOTENTIAL SURFACES 
POTENTIAL, 


° +V) +Vo 
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(b) SIMPLE ELECTRON LENS iG) commana eLictnse ube 
Fige 267 - Simple lenses; (a) Fig. 268 ~ Compound lenses; 
optical (b) electron. (a) optical (b) electron. 


A set of electrodes having rotational symmetry about an axis 
ean be used to produce a symmetrical electrostatic field which has 
properties, in electron optics, somewhat similar to those of a lens 
in physical optics, Fig. 267 shows a simple type of electron lens 
which is produced by placing a plate with a circular hole in it 
between two other plates and then fixing the potential. of all three 
so that there are different potential gradients en the twe sides of 
the centre plate. Fig. 268 shows a more cemplex type of electron 
lens. This lens is preduced by two coaxial cylinders at different 
potentials. If the potential of the second cylinder is greater than 
that ef the first, the equipotential surfaces are distributed es shown 
in the diagram. An electron which enters the first cylinder at a 
small angle to the axis experiences a force towards the axis while it 
is passing through the first cylinder and en to the second, As the 
electron enters and passes through the second cylinder. it experiences 
a force away from the axis. The convergent angular deflection exceeds 
the divergent because the electron remains longer in the convergent 
portion ef the lens, and therefore a s21ven reree can deflect it 
through a greater angle. The resultant converging action of an elec= 
tren lens consisting of two gylinders depends on the dimensions and 
relative spacing of the cylinders and on the ratie of their petentials. 


The simplest method of achieving electrostatic focusing of 
the beam 1n a CRT is shown in Fig. 269. Here tne focusing system 
consists ef tve cylinders held at different potentials, both pesitive 
with respect to that of the cuthode. The cylinder nearer the grid 
(First Anode) is commonly at a potential ef the order of a quarter of 
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that of the other cylinder 
(Second Anede) with respect 
to the cathede. The point 
to which the electron beam 
is focused is determined ties ‘sehvine 
by the ratio ef the potent= eas 
jials of the first and 
second anodes. This ratio 
must be adjusted so that the 
focal peint is brought to 











the fluorescent screen, sere Se une 
This change in the ratio of ~ — — ~ EQUIPOTENTIAL SURFACES 


the potentials on the two 

anodes is usually obtained 

by altering the potential Fig. 269 = Two-anode focusing 
of the first anode. system of CRT. 


With the twomanoie system it is found that the controls of 
focus and brilliance are not independent. Change of voltage of 
the first anede (focusing) affects the intensity of the beam 
current (Sec. 6) and, therefore, the brilliance, whilst adjustment 
of the voltage of the grid alters the fecusing to a small extent. 
This is to be expected when it is realised that any change of 
potential ef any electrode will affect the potential ratios and 
accordingly medify the focusing of the electron beam. 


When, as is usual 
in radar applications, it 
is required to produce a GRID OR SHIELD CONDUCTIVE COATING 
sharp spet whose focus is 
almost independent ef the 
brightness-centrol, a 
three~anode focusing 
system is used (Fig. 270). 
It differs frem the two- 
anede type by the addition 
ef an extra anode on the 
side nearer to the grid. 
This new electrede is 4 : 
called the first anode and acetal ae o fomusing 
is commonly, but net always, sy 
kept at the same potential 
as the third anode, nearest the screen, The middle electrode, or 
second anode, is usually at an appreciably lewer potential, about 
one-third er ene quarter ef that of the two other electrodes, relative 
to the cathode, Pecusing is usually obtained by a variation of the 
potential ef the second anede. 


2ND- ANODE 


1ST ANODE 
HEATER 3RO ANODE 





The acditienal anode, between the grid and the focusing anode, 
can be cempared te a certain extent with the additional grid which 
converts a triode te a tetrode, Variations in the electric fields 
on the side of the additional electrode renote from the cathode are 
thereby screened and have little effect on the field near the cathode. 
Thus, variation ef the potential of the second anode of a focusing 
arrangement does net appreciably affect the intensity of the beam 
current, i.e. the brilliance. The presence of the first anode also 
minimises the small effect of changes of grid petential on the focus= 
ing system formed by the second and third anodes. A further advan- 
tage ef the three-anode system lies in the relative independence of 
the deflection system on the focusing arrangements, In the twomanode 
tube variation of the first anode is liable to vary the velocity of 
the electrons between second anode and screen, and hence te affect the 
deflectional sensitivity. 
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The size of the spot obtainable by the above method is directly 
related to the accelerating petential used. If the petential differ- 
ence between the third anode and cathede is lew no ameunt of juggling 
with electrede design or relative petentials can produce a sharply 
focused spet. Typical potentials at the electrodes ef a three-ancde 
CRT, whose screen diameter is 12 inches, are as follows:- 


=: 4,000 v. 
=~ 4010 te -4050 ¥. (variable brilliance). 
= 3000 V. (variable focus), 


Cathode 
Contrel electrode 
Second anode about 


Pirst and third anodes 0 V. 
The customary use of negative electrode potentials is explained in Sec. 27. 


'13. Magnetestatic focusing 


In magnete- 
statically focused 
tubes there are ne 
fecusing electredes 
inside the tube. 

A steady magnetic 
field is directed 
@leng the axis ef 
the tube by means 
ef a ceil, supplied 
with direct current 
(er pessibly by 
means ef permanent 
magnets) mounted 
round the neck ef 
the tube beyond 
the anede, (Figs. 
271 and 272). 


Twe 
metheds are 
pessible;:- 


(i) Using a 
uniferm 
axial field. 


(ii) Using a 
nen-uniferm 
field with 
large radial 
cempeonents. 


Methed (ii) is the 
ene used in practice, 


Consider an 
@lectren ef charge ¢ 
meving with velecity 
u at right angles to 
a@ magnetic field H. 
The electron will 
experience a ferce 
Heu at right angles 
beth te the field 
and directien of 
motien (Fig. 272). 
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(FRONT HALF REMOVED) 


Fig. 271 = CRT with magnetostatic 
focusing. 
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Fig. 272 - Force acting on an electron moving 
in a magnetic field, 
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This force may be considered as generated by the interaction of 
the applied field H and the magnetic field due to the electron 
current, as illustrated at (b). 


It is this force on an 


electron travelling in a mage 
netic field which is utilised 
in magnetostatic focusing. 
The field used is axially 


symmetrical and is produced in 
practice by placing a coil 

inside a soft iron cover with 
When current flows through 
the coil the field produced is 


Bape 


similar to that produced by the 
two annuli of north and south 


polarity ; 
B are neutral pointa. 


focusing action ef the coil, 
we nete that;:- 


regions P and Q where the radial fields are relatively large. 


(Fige 273). A and 


Befere discussing the 


(i) in their travel frem cathede 


2.9 60 6 


eR ee 


SSS 


a VW 


® ®@ @® ®@ 


——~_ DIRECTION OF ELECTRON FLOW 
© DENOTES CURRENT OUT OF PAPER 
@ DENOTES CURRENT INTO PAPER 


Fig. 273 - Magnetostatic field of 
focusing coil. 


te screen the electrons 


spend most ef the time in space which is free from 
magnetic fields ef significant magnitude. 


(44) 
very near te the axis. 
ef the field will produce an 
force in such a direction as 
spiral about the axis, 


Observation ef the lines: ef ferce 


the electrons are moving with a high velocity aleng er 
Hence enly a radial component 


appreciable deflecting 
te cause the electron te 


reveals that there are twe 
Near 


the axis the radial cempenent is beund te be appreximately prepertienal 


te the distance frem the axis. 


The spac 


eR between P and Q contains 


a large axial magnetic field and near the axis this will be virtually 


constant. 


274. <A nen~axial electren 
entering region P will start 
retating about the axis, 
When it leaves P it will have 
attained an angular velocity 


proportional te its distance’ 
frem the axis. 
figure this velecity will be 
inte the plane ef the paper 
abeve the axis, 
R this velocity being per= 


WEAK 
Figo >” 


In the 


In region 
oO 


pendicular te.the axial 
field will cause the elec= 


tren to move towards the 


axis. 


Thus en leaving 


regien R in addition to its 
rotation about the axis the electren will have a radial cempenent ef 


velocity. 
velocity with which the electren entered the region R, 


INTENSITY 
INCREASING 


A simplification ef such a magnetic field is shown in Fig. 


li = HW 
HH == I 


FIELD 
INTENSITY 
INCREASING 
OUTWARDS 


FIELD 


UTWARDS 


———> ELECTRON FLOW 


Pige 27). - Idealised magneto- 
static focusing field. 


This radial cemponent will be prepertional to the angular 


Thus the radial 


velocity will be approximately proportienal te the distance ef the 
electren frem the axis on entering P. 


The electren now enters region Q. 


The radial field here can 


have no effect en the redial velocity but it will reduce the angular 


retation: 


since the total inward flux at Q is equal to the tetal out- 


ward flux at P the ultimate angular velecity will be zere, but uswlly 
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rotation of the imaze exists. Thus an ‘off axis" electron leaves 
the field with a velocity towards the «xis. ‘this velocity is pro- 
portional to its distance from the axis on entering the field. It 
can be shown that, provided the disposition and intensity of the 
magnetic field are suitably adjusted, all the electrons diverging 
from a point on the axis 

outside the field will 

after passing through 

the field converge to 

another point on the 


axis. 
A 
Broadly speak- CATHODE 5 
ing, at A of Wig. 275 SCREEN 
there is twice the FIELD 


divergence at B, but 

the electron is twice 
as far fren the axis 

so that the radial 


—-——2» ELECTRON FLOW 


velocity after passing Figs 275 - Direction of electron 
through the field will paths entering and leaving focusing 
be twice as much, field. 


By suitable adjustment of the position of the coil and 
the current through it the focal point at which the electrons con- 
verge can be brought to the screen of the CRI. 


li. Gas Focusing in Soft Tubes 


A small quantity of inert gas such as argon or helium, 
admitted after the tube has been fully evacuated, provides the 
focusing action of the electron beam, The grid potential is 
usually about 50 volts below that of the cathode and practically 
all the emitted electrons go through the hole in the anode as a beam 
of small divergence. The cathode potential is normally between 500 
and 500 volts negative with respect to the anode. 


As the electrons pass along the tube from the grid, many 
cellide with the gas molecules, and ionise them so that electrons are 
ejected and comparatively heavy and slow-moving ions are left behind. 
The positive ions form a core which exerts a considerable attractive 
ferce on the negative electrons. Provided the number of ions formed 
is sufficiently great the mutual repulsive force of the electrons is 
more than ceunterbalanced,and it is possible to converge the stream 
te give a spot on the screen of less than O*5 um, diameter. 


The comparatively short life and dependence of focus on 
brilliance in soft tubes using gas focusing makes them unsuitable for 
mest radar applications. Also, the inertia of the positive ions 
introduces a lag in the focusing action so that for rapidly varying 
deflection voltages the focus is impaired. Soft tubes, however, 
have the advantage that intensity of illuminations of the screen can 
be accemplished with a low accelerating potential. External power 
supplies are, therefore, simplified, and since the electrons are 
moving comparatively slowly, they can be deflected easily, Such 
advantages explain the use of soft tubes in some types of oscillo= 
graph, but even here they are being replaced by hard tubes using 
electrostatic or magnetostatic focusing. 
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DEFLECTION SYSTEMS 
15. General 


It is necessary that the electron beam should be deflected 
after it leaves the final anode. In its simplest ferm the deflec- 
tion system is such that the beam ef electrons can be deflected to 
and fro in a directien at right~angles to that ef the bean, 


There are two types ef deflection systems, electric ani 
magnetic; these systems are applicable te both seft and hard tubes, 


16. Electric Deflection 


An electron situated in a uniform electric field experiences 
a force in the direction of the field. Consequently a beam of 
electrons passing through a transverse electric field will be deflec- 
ted. This deflection is usually ebtained by applying a petential 
difference to a pair of parallel plates so situated within the tube 
that the beam passes between them 
shortly after it emerges from the 
focusing field; (Fig. 276). The 
beam experiences a ferce proper=- 
tional to the field strength and 
therefore to the potential 
aifference between the plates. NEGATIVE 
It is bent tewards the more 
positive of the two plates and 
the velocity cempenent which 
the electrons acquire, at 
right angles to the axis of the "BLATE 
tube, persists after they leave 
the deflector plates until they 
hit the screen. If the peten- 


DEFLECTOR 
PLATE SCREEN 







ELECTRON 
PATH 





1h 
FIELD } 
POSITIVE 


tial difference between the Fig. 276 = Deflection of 
deflecter pletes is constant the electron by pair of parallel 
beam is permanently deflected. plates. 


Steady petential differences 

called Shift Veltages are used to adjust the initial pesition of the 
spot ef light en the screen. If an alternating petential difference 
is applied te the plates, the spet is swept to and fre acress the 
tube and, if the frequency is sufficiently great, persistence ef 
visien will cause it to appear en the screen as a trace, 


It is pessible to 
ebtain deflections in two 
perpendicular directions by 
mounting two mutually per- X- PLATES 
pendicular sets ef parallel HORIZONTAL DEFLECTION 
plates in the neck of the 
glass envelope, (Fig. 277), 
one set of plates being 
mounted nearer the screen 
than the other. These twe 
sets of plates are called Y~ PLATES 
the x and Y plates, to VERTICAL DEFLECTION 


indicate the directions of 
the two deflections relative 


to the structure of the tube. 

To allow for the deflection Fige 277 = Deflector plate 
of the beam, the plates are assenbly. 

not usually parallel throughout 

their whole length but usually 

diverge towards the screen. The 

width of the second pair of plates (the pair nearer the 
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screen) is larger than that ef the first pair to allow for the 
deflection of the beam by the first pair. It is pessible, by the 
application of suitably varying voltages to the two paimef plates, 
te produce a trace at any desired inclination to the X and Y¥ axes. 


The deflection sensitivity of a CRT employing electric de~ 
flectien is given by the deflection of the spot in millimetres for 
a potential difference of one volt between the twe deflector plates. 
This deflection is found to be inversely proportional te the poten- 
tial difference between the cathode and final anode, on the assunp- 
tion that the mean potential ef the deflector plates is the same as 
that ef the final anede. Soft tubes are normally operated at 
much lower anode potentials than hard tubes, se their electric de- 
flection sensitivity (about 0-5 mi/V.} is usually greater than that 
of hard tubes (about 0-2 m/V.) 


wm Derivation of Blectric Deflection Sensitivity (Fig. 278) 
Let:- 
¢ be the length of the deflector plates, 
t the distance between the plates, 


S the length of the tube from the centre point of the 
deflector plates to the screen, 


e the magnitude of the charge on an electron, 
m the mass of an electron, 


V, the potential difference between the final anede and 
the cathode of the CRT, 


Vp the potential difference between the plates, 


u the velocity of an electron on entry. 





Fige 278 =~ Electron undergoing electric 
deflection. 
% 
The field-strength between the plates = : 


The force en an electron = —225 





Since force = mass x acceleration then the acceleration of 


V. 
the electron towards the positive plate = re 


The time the electron is moving between the plates = 
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Since displacement = 3,acceleratioen x (time)* then the 
transverse displacement at the end ef the plates is 


Vpe £ 
: a i o€ 
given by d= 2.70 2 


But the kinetie energy of an entering electren = + mi“ « loss 
ef petential energy as it passes frem cathede to final anode = 
e.¥,, 80 that mu? = 2e Va. 


2 Vz 
Therefore d= £° + 2 
kt Vg 


Since the deflecting force is at right angles to the axis of 
the tube (initial direction ef metion ef electren) the eleo- 
tren path is parabolic and the peint A, the apparent érigin 
ef the deflected beam, is halfway along the plates, 


Therefore the displacement en the screen is given by 


Ds FF 
22 2. & 
“ef Va 


Then the displacement on the screen per unit of petential 
difference between deflector plates 4 i.e. the defleotien 


; 2. ree 
sensitivity, is given by Vp * 2teVe 


Fer a given tubd and plate dimensions, the deflection sensi= 
tivity ia inversely propertional te Va (petential differeme between 
the cathode and final anede). Since Va.0 = ¢ mu* the deflection 
sensitivity ia inversely prepertional te the square ef the velocity 
(u) of the elestren. 


For a given value ef V,, the oleser the plates, er the longer 
their length, er the lenger the tube fren the plates to the sereen, 
the greater is the deflection sensitivity. The use ef a long tube, 
however, introducea difficulties in predueing a good focus. The 
foousing ayatem haa ne centre] over the electren beam ence it has left 
the system and, due te the mutual replusion of the eleotrons, the 
mere remote the sersen the (ess sharp will be the feous. Heme a 
wo is necessary between good focus and high deflection sensi= 

Ye 


17. et eflectia 


It is eften convenient te preduae the deflection ef the eleo= 
tron beam by a transverse magnetic Meld, This is predused by a 
pair ef similar ceils, ene en each aide ef the neck ef the glass 
envelope, These two ceils are in series and are se Wound that they 
preduce a magnetic field in the same direction aoross the neck of 
the glass envelope. Alternative arrangements are ahown in Fig. 
279. ‘The field is perpendicular to the direction ef the eleotren 
beam se that the deflecticn is at right angles both to field and 
beam (See Seo. 13) 


A steady current through the.pair ef coils produces a constant 
deflection ef the spet; an alternating ourrent sweeps the spet te 
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and fre to forma 
trace, Since the 
deflection is a 
radial one, per=- 
pendicular to 

the directien of 
the field, the 
locatien of the 
spet on the 
screen depends 

en the pesition 
ef the ceils. 


A seco 
ond pair of 
coils at right- 
angles to the 
first pair 
deflects the 
spet in a direc=- 
tion perpend- 
icular to that 
ef the deflection 
due to the 
first pair of 
ceils, (Pig. 
280). By 
supplying each 
pair ef coils 
with a suitably 
varying current 
a trace can be 
produced at any 
desired inclina=- 
tion to the X 
and Y axes. 


X DEFLECTION 
COILS 





(a) 


Cnap.6, sect.17 


CURRENT 
DOWN WIRE 


| 


DIRECTION OF 
MAGNETIC FIELD 


DIRECTION OF 
MAGNETIC FIELD 





Fig. 279 - Alternative methods 
of producing uapnetic deflection. 


‘X DEFLECTION 
COILS 


‘Y” DEFLECTION 
cOILs 


'Y’ DEFLECTION << | 
COILS 





(b) 


Fige 280 — Oil assembly for 
producing magnetic deflection. 


With magnetic deflection the deflection sensitivity is found 
to be inversely proportional to the square rect of the potential 
difference between final anede and cathade, Thus the deflection 
sensitivity with magnetic deflection of soft tubes (low anode voltage) 
is greater than with hard tubes (high anode voltage) but the differ- 
ence is not so marked as with electric deflection where the deflec- 
tien sensitivity is inversely proportional to the potential difference 
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between cathode and final anode. 


sue Derivation of Magnetic Deflection Sensitivity (Fig. 281) 


If an electron 
moves into a uniform 
magnetic field se that 
its directien of motion 
is at right angles to 
the field, it will 
experience a force 
perpendicular beth te 
the field and to the 
motion. 





Let m be the electronic 


meee Fig. 281 ~ Blectron undergoing 


@ be the electronic magnetic deflection. 


charge, 
H be the magnetic field strength, 


Va be the petential difference between final ancde and cathode 
ef the CRT, 


4 be the extent ef the magnetic fiela (assumed unifern), 

s be the distance to the screen from A, the apparent origin 
on the axis ef the deflected beam; (this is approximately 
the centre ef the field), 


ube the electron velocity. 


Then the force on the electren is Heu, 


se that the acceleration is Hen. 


If this force acts fer a time t, this causes the electren te be 
deflected a distance diz (Be) . 

£ : £2 
Since t =, this gives ae 5 ae ie 


of? 


2 mu 


ed 





Phe deflection D ef the spet en the screen is then given by D & = ad. 
_ s Hef? 


If we take AB approximately equal te ‘ this becemes D 72 amu 


_. 4s He 
° mu 


Writing $ mu* = 6V,, we have 


eee ae 
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se that DS {a8 /e% ‘ 


Henoe the deflection sensitivity, > is given by 


= ce PS e 


For given tube dimensions and arrangement ef coils the de~ 
flection sensitivity is inversely proportional to the square rect 
ef V,- Alternatively it is inversely proportional te the velocity 
of the electren. 








Rie 


Fer a given V,, the longer the tube frem the coil te the 
screen er the mere extensive the field, the greater is the deflec- 
tien sensitivity. The we ef a leng tube, hewever, leads te a 

_ deterieratien ef fecus. 


In practice magnetic deflection sensitivity is eften measured. 
in millimetres per milliemp ef current’ through the ceils instead ef 
per unit ef magnetic flux. 


DISTORTIONS AND THEIR CORRECTION 


18, Trapeziwa Distertion 


Trepesium distertien can eccur in all CRIs in which electric 
deflection is utilised, but it is mere apparent with bard tubes since 
in these much higher veltages must be applied to the deflector plates 
te preduce full scale deflectien, This distertion arises because 
the petentials ef the deflecter plates nearer the screen, say, the 
X=plates may affect the deflectien sensitivity ef the other pair, 
the Y-plates, 


If the mevements ef the spot 
fill the face ef the tube as in 
televisien and in certain radar dis- 
plays the effects ef trapezium dis- i 
tortion are mest neticeable. The 8 
rectangular picture (er Raster) is 
altered te a trapezium, shown 
detted in Fig. 282, thereby giving 
the name to this type ef distertion. 


It has been theught that 
trapezium distertion is due te the 
interaction between the electric 
fields ef the twe pairs of plates. 
However, it can be shown that it 
can be preducéd if only one pair 
ef plates is used, the deflection 
at right-angles being caused by 

metic means. If the electric 
deflection system is nearer the 
gcreen than the magnetic deflec- 
system trapezium distortien can 
eccur. 





Fig. 282 = Trapeziun 
distortion. 


Censider the Y-deflectien to be produced magnetically. 
Suppose a pesitive petentiel of, say, 500 V. is applied to the upper 
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X~plate (Fig. 283(a)), 
the lower plate 
being earthed, as are 
the final anede and 
glass envelepe. The 
equipetential sur= 
faces will be dis- 
tributed in a manner 
similar to that 
illustrated. Now 
consider them cut by 
a plane mid-way 
between the X-plates 
and containing the 
beam, which has 
already been deflec~ 
ted magnetically in 
the Y-plane, This 
cress section is 
illustrated at (b), 
The field distribu- 
tion acts as an 
electronic lens 
(see'Sec. 12), the 
beam being deflected 
tewaris the normal 
to the equipotential 
surfaces on enteri 
(accelerating Piela) 
and away from the 
nermel en leaving 
(retarding field). 
Thus in the case 
illustrated the Y- 
deflection is de~ 
creased by the X- 
plate potential 
distribution. 
Similarly it may be 
shown that if ene 
ef the X~plates is 
negative with res- 
pect te the final 
anode the Y-deflec= 
tion is increased. 
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X-PLATES 


(a) 
es EQUIPOTENTIAL SURFACES 
Y-OEFLECTION 5. 


QUE TO 
X- PLATE 










RS a ee ee 


Fige 283 = Cause of trapeziun 
distortion, 


If electric deflection is used fer both X~ and Y-displecements, 
the application of deflecting potentials te the Y-plates modifies the 
appearance of the field produced by the X=plates; but even when this 
actien is taken inte account, the lens field produced by the X-plates 
still alters the Y-deflectien in a manner similar te that described 


above. 


One method of reducing trapezium distortion is te use a 
balanced deflection wiltage for the pair ef plates, say X=plates, 


hearer the screen, 


If the deflecting potential applied te one plate 


at any instant is equal in magnitude and oppesite in sign te thet 
applied te the other, the petential of the space midway between the 
Plates in the path ef the beam is appreximately constant and the Y= 


deflection is not altered. 


Alternatively deflector plates cerrected for trapezium dis= 
tortion may be used (e.g. if the tube is used in a double-bean 
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oscillescope). The pair of deflector plates nearer the final anode 

is so assembled that the plate separation is not constant; that is, 
the plates are not parallel, Hence the deflection sensitivity depends 
upon whether the beam traverses the regien between these plates at a 
point where the plate separation is small or great. In the former 
case the sensitivity is greater than in the latter. So if the plate 
separation is cerrectly tapered, compensation for trapezium distortion 
can be achieved, 


Another 
method is to as 
shape the plates DEFLECTING 
nearer the screen POET OS DIRECTION OF 
(X-plates) sc that THis PLATE porreetee 
these plates produce ™ 
x Xo Se 


a deflection which 
has a cempsnent 

in the ¥ direction (a) 
so taat the trape=- 

glum distertion 

effect is counter- 

acted. This 

method is illus= 

trated in Pig. POTENTIAL 
284(a), where 

the X=plates are 

shown te be curved. 

The arrows indice 

ate the direction 

ef deflection 

produced by the Fig. 284 - Shaped piates to claminace 
X-plates. A trapezium distortion, 

practical example 

of shaped X-plates 

is shown in Fig. 284(b); the equipotential lines (shown dotted in 
the diagram) are curved and the effects are similar to those obtained 


with curved X~plates. 


It should be noted 
that if this method for 
correcting trapezium dis- 
tortion is employed it cee 
eperates only if the Sch ee 
deflecting voltages applied Y> PLATES | 
to the plates nearer the Ses Ve 
screen are unbalanced and FINAL ANODE ae 
also only if the correct 
plate is earthed (connected (a) 
to the final anode). 


EQUIPOTENTIAL 
LINES 





X > PLATE 





X= PLATES 


A more satisfadpry 
method for correction of 
trapezium distortion is 
shown in Fig. 285. By 
shaping the X-plates as 
shown the equipotential 
lines at F (Fig. 283(b)) 
can be made concave as seen Acre 
from the final anode. Then if b 
the potential distribution (b) 
is such ag to cause the 





beam to be deflected Fige 285 ~ Alternative motsd 
towards the normal at F for correcting for trapezium 
distortion, 
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it Will be deflected away from the normal at E, so that the deflec= 
tion introduced is outwards at F and inwards at Ej. <A similar 
argument helds if the : 

field at F is retard= 

ing instead of accele- 

rating. The oppesing Y 

deviations ef the bean ‘ 

at F and E can now be ' 
balanced by cerrect 
shaping of the plates 
and trapezium dister= 
tion can be avoided. 
The shaped and sletted 
screen, Which is 
connected to the final 
anede and placed 
cae the 1588) Y- 
plates (Pig. 2 is 

necessary; etherwise Fige ey sett one tine Produced 
the equipotentiel lines by optical Lens. 

tend te bulge inte the 

space between the Y-plates. This cerrection mthed does net affect 
the symmetry ef the X-plates and balanced deflection potentials may 
be applied or alternatively either X-plate can be earthed. 





With magnetic deflection, if the field due to a pair of 
deflector coils is net uniferm acress the neck ef the CRI, the 
distance the spet meves when on one side ef the screen will not be 
the same as when it is en the other. Such sn arrangement will 
produce a distortion similar in appearance to trapeziun distertion. 


19. Deflection Defecusing 


The speed ef the electrons in the region ef the deflectien 
system depends upon the potential difference between the deflection 
system and the cathode. It is important that this should remain 
constant since a variation in speed would meve the focus eff the 
sereen, If unbalanced velteages are applied to the deflector plates 
the mean potential of the deflection system dees not remain censtant 
and defecusing may occur, Thus if the focus is correctly adjusted 
at tne centre of the screen it deteriorates as the distance from 
the centre increases. This phenemenen is called deflection defocus- 
ing and may be avoided by the use of balanced. deflection voltages 
or by magnetic deflection. 


20. Astigmatic Distertion 


In erier to understand the meaning of the word astigmatism 
consider first the fecusing ef an erdinary light beam by passage 
through a convergent lens. (Fig. 286). If the lens is symsetrical 
about the axis OZ the amount of convergence is equally great in all 
axial planes, and a ‘sharp spot of light is produced in.the focal 
plane. If the convergence is a maximum in the plane XX'Z and a 
minimum in the plane YY'Z then the beam will be converged to a line 
focus at two positions AA’ and BB', these lines being in mutually 
perpendicular directions, The best focus obtainable is at C where 
the beam is converged to a circular focus, but of finite size. ; 
This type of defect ef'ten occurs in the lens of the eye ami gives 
rise to the defect of vision known as astigmatism : 


In a cathede ray tube it sometinevs happens that the electric 
lens is asymmetrical due te misalignment of the electrode system 
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in the tube, When this occurs it is found that manipulation of 
the focusing contrel preduces a sharp line on the screen in one or 
other of two perpendicular directions, or a circle of finite size, 
but never a small sharply defined spot. This fault is said to be 
due to the presence of astigmatism in the tube. 


Astigmatism can be corrected by having the mean potential 
ef each pair of deflector plates separately adjustable at a value’ 
ether than that of ‘the final anode. This mean potential of a pair 
ef plates should be independent of shift voltages and variable de~ 
flection voltages. Such an arrangement introduces deliberate dis- 
tortion into the electric fields between the electrodes so as to 
counterbalance the distortion producing the astigmatism. 


21. Bulb Charge and Deflector Plate Current 


When the main electrons in the beam strike the screen they 
eject secondary electrens from it and it is these secondary elec= 
trons travelling to the anode whicn make the major contribution te 
the anede current. The potential of the screen becomes negative 
to that ef the anode by an amount sufficient to ensure that equili- 
brium cenditions are set up, i.e. the rete at which secondary elec~ 
trens leave the screen te go te the anode is tne same as the rate 
ef arrival of the primary electrons at the scrcen. The potential 
difference developed is of the erder of 100 velts. 


Witis some tubes the screen picture disappears if the glass 
ef the screen is touched. This minor defect is due to the indw- 
tion o2 a large negative charge ou the screen, sutficient to repel 
the beam electrons se that they never reach it. The picture will 
reappear after a short time, working its way back From the edges 
ef the screen inwards, as the charge lea«s anwar. 


The electrons returning from the screen should pass te the 
final anode which is nermally at earth potential. If, however, 
the steady petential of a deflector plate is positive with respect 
te earth, electrons are drawn te this plate. This effect my be 
likened te the flew ef grid current in the input circuit of a valve 
amplifier (Chap. 9, Sec. 3). ‘The non-linearity which is introduced 
in either case by the flew of current does not prodwe appreciable 
distortien unless the input resistance of the ijeflection system or 
valve circuit is sufficiently small as to be ccmparable with the 
output resistance ef the source ef voltage. 


Errers due to deflector plate current distortion can there- 
fore be reduced by feeding thedeflector plates from a source of low 
eautput resistance, e.g. Prem a cathode follower. The electron 
current drawn by the deflector plates can be minimised by construo- 
ting the electrodes in such a manner that the deflector plates are 
shielded by the final anode, er by arranging that the maximum poten~ 
tial applied te any deflector plate does not rise appreciably above 
final anode potential (this latter method is not usually practicable). 


22. Stray Fields Leading to Distortion 


Alternating magnetic fields frem components such as trans 
fermers and chokes act on the electron beam ani may lead to an 
oscillatery metion ef the spot so as to draw it out into a line oer 
ellipse, The effect can be distinguished from normal defecusing 
because it is net removed by alteration of tne fecusing controls. 
In some cases the earth's magnetic field may introduce a deflection 
which varies in mgnitude and direction as the position of the tube 
is changed relative to theearth's field. The usual way of over= 
ceming the effect of stray magnetic fields is te surround the tube 
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with a mu-metal shield, If the shield is also earthed it protects 
the beam from any stray electric fields which may be set up by nearby 
apparatus. : 


236 COMPARISON OF FOCUSING AND DEFLECTION SYSTEMS 


For small tubes with screens up to about 5 in. in diameter, 
it is usual to employ electrostatic focusing and electric deflection 
systens. This arrangenent is convenient since it avoids the use of 
deflection equipment outside the tube. If electric deflection is 
used with larger tubes, involving high accelerating voltages, it is 
necessary to place the deflector plates of each pair close together 
in order to obtain reasonable deflection sensitivity. However, if 
the plates are too close together there is a danger that the beam of 
electrons will strike the edge of a plate before full deflection can 
occur so that the beam will be cut off from the screen. This effect 
can be minimised by increasing the plate separation towards the 
screen, but this arrangement has limitations and the method of 
deflection by magnetic fields is probably preferable, 


When magnetic deflection is used it is important that the 
deflecting field, over the area of cross-section of the neck of the 
tube, be uniform in order to avoid errors of defocusinge One way of 
ensuring that the field is as uniform as possible is to make the 
area of cross-section as small as possible. If this is done it is 
often convenient to use magetostatic rather than electrostatic 
focusing since the latter involves the insertion of a complex 
electrode system inside the neck of the tube, There is always the 
danger that the electrodes in an electrostatic focusing system may 
be misalimed. This fault will give rise to astigmatism whicn can 
usually be corrected, but only at the expense of fairly complex 
external circuits. A magnetostatic focusing system can be adjusted 
in position to avoid such astignatism. However, it is not a simple 
matter to adjust a focus coil in position sc as to be sure of 
obtaining the best possible focus attainable, and in spite of the 
possible disadvantages outlined above electrostatic focusing systems 
are often preferred, 


24e  FPOST-DEFLECIOR ACCELERATION 


fo avoid the difficulty, inherent in the normal hard tube, 

of poor deflection sensitivity, tubes are scmetimes used in which a 
large part of the acceleration of the electrons takes place after they 
have been deflected, It is then possible to arrange that the beam 
is deflected when at low velocity so as to sive a good deflection 
sensitivity, and yet for the beam to have a large velocity when it 
strikes the sareen so that a bright trace is obteined, A tube of 
this type is shown in Pig. 287 and involves the use of an extra anode 
in the form of a narrow ring of aquadag coating on the glass envelope 


DEFLECTING 
SYSTEM 








ACCELERATING AND 
FOCUSING ELECTRODES 





CONDUCTIVE COATING 
POST- DEFLECTOR ANODE 


Fig. 287 ~ Extra electrode assenbly 
for post-deflector acceleration. 
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just befere the screen. This anode is usually maintained at about 
twice the potential of the last anode of the normal accelerating 
aystem, This method of working is called Post-Defleotor Acceleration. 


25. DOUBLE-BMAM TUBE: 


This is a tube of special construction in which the bean, 
after leaving the final accdlerating anode, impinges on the edge of a 
aplitting plate plated midway between the Y-platese The splitting 
plate 1s comascted to the final anode which is at earth potential. 
The beam is thus split into two sections (Fige 288) each of which can 
be deflected almost independently in the Y-direction by voltages 
applied between yy and earth and Yo and earth. As might be expected, 


the potentials applied to, say, the y plate affect to some extent 
the Yo trace end vice versa. A positive voltage at the Yy-plate 
oats an upward deflection of. the spet whilst at the To«plate it 


produces a downward deflection, Reth beems traverse the I-plates in 
the usual way, and are deflected simultaneously in the horizontel 
direction. This tube is of partiovlar use in an oscillograph where it 
is desired to exemine two potentials simultaneously. 


Y; TRACE 





Ya TRACE 
SPLITTING PLATE 
SPLIT BEAM 


Fig. 288 = Electrode assembly: to produce 
double (or split) beam. 


It is posslble by the use of external cireults to produos 
a double trace on an ordinary tube. Here the Z-novement of the 
spot. is made to occur successively first across, say, the lower half 
of the sereen, and then across the upper. In this case corre 
vertical displacements on the two traces do not occur simultaneously. 


POWER SUPPLIES AND SHIFT NETWORES 





Steady potentials are required for the various electrodes 
of a cathode ray tube. Thus, for a three-anode tube with electro» 
statio focusing, steady potentials are needed at the cathode, grid 
ana the three anodes. A tube with magnetostatic focusing normally 
requires steady potentials for cathode, grid and one anode, and also 
a supply of direct current for the foous coil, Electric deflection 
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involves steady potentials for use as shift voltages so that the 
picture traced on the CRT screen may start froma convenient point. 
Masnetic deflection needs direct currents for producing shifts, 


27. Power Supplies 


The power supply for an electrostatically focused tube 
should be capable of supplying high voltages of the order of 5000 
volts for a large tube, but need supply only a small current, The 
total load current taken by the CRT is usually less than 5 mA. 
Half-wave rectification is therefore all that is necessary, and the 
smoothing circuit of the power unit can employ a resistor, rather 
than a choke, The high voltages required for the larger CRTs may be 
obtained by means of voltage-doubler circuits. 








3rd ANODE © 


2nd ANODE O 
Ist ANODE O=jin 
CATHODE 


Ac 
SUPPLY 





dO 
BRILLIANCE 


NEGATIVE LINE 


Pige 289 - Supply circuit for three-anode CRT. 


It is advisable to have condensers across all points of 
supply which are conneated to the tube, otherwise a voltage ripple on 
the supply might be commumicated to the electrodes so as to cause 
variations in brilliance or focus of the trace. A typical supply 
circuit, suitable for a three-anode electrostatically focused CRT 
(or for the anode, cathode and grid of a tube with magnetostatic 
focusing) is shown in Fig. 289. 


As shown in Fig. 289 the third anode is at earth potential 
whilst all other electrodes shown are at negative potentials, This 
is because the deflector plates in a tube with electric deflection 
are connected to circuits in which it is convenient (but not essential) 
to have them at or about earth potential, In order to avoid strong 
electric fields between these plates and the final anode, this anode 
itself must be at earth potential. 


Another reason for earthing the final anode is that the 
potential of the fluorescent screen is usually about 30 to 100 volts 
negative with respect to that of the final anode. If the cathode 
is earthed the screen is thereby maintained several hundreds or 
thousands of volts above earth so that strong electrostatic fields 
may exist between the screen and neighbouring conductors. This can 
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result in extraneous deflections of the spot if these conductors are 
moved, If the anode is earthed the cathode and its associated 
heating circuit must be well insulated from earth. 


28. Shift Voltage for Electric Deflection Systens 


The shift voltages are usually, but not always, applied to 
a pair of plates so that the mean potential of these two plates is 
the same as that of the final snode of the tube. This arrangement 
avoids trapezium and defocusing distortions, provided that any 
fluctuating voltages applied to the plates are also balanced, The 
shift voltages may be obtained either from the power supply which 
provides steady potentials to other electrodes of the tube (Pig. 
290) or fron a separate power supply. One deflector plate of a 
pair is always maintained as much positive, ,compared to the final 
anode potential, as the other is negative, so that the mean potential 
of the pair of plates is that of the final anode. Condensers C 
bypass to earth any ripple on the shift voltage supplies. 






POSITIVE LINE 








. SUPPLY 
NEGATIVE POT’ 


3ap ANODE o—, 
2x ANODE O——E SUS, 


Ist ANODE O-—=lr 
CATHODE O-————— 


BRILLIANCE 





GRID 


NOTE = 
THE TWO TAPPINGS ON THE SHIFT NEGATIVE. LINE 
NET-WORK ARE GANGED ,SO THAT 

AS ONE MOVES UP THE OTHER 

MOVES DOWN. 


Fig. 290 ~ Supply for Gif showing 
production of shift voltages. 


Each deflector plate must be connected, usually through a 
resistance of about two megoims (R and part of Rl in Fig. 290) to 
the final enode (earth potential); this connection fixes the mean 
level of the deflector plates and is analogous to the use of a 
grid leak for determiring the bias level in a valve amplifier circuit. 
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It is’ 
cemmon in radar 
applications, 
invelving the use 
ef large CRTs te 
adjust the mean 
potential ef each 
pair ef plates 
with respect te 
the anede so that 
astigmatic dis- 
tertion may be 
eliminated. The 
mechanism which 
prevides this 
adjustment is 
called the Stig 
Centrel. A 
methed is shewn 
in Fig. 291. 

A separate 
similar arrange+ 
ment prevides 
shift veltages 
and astigmatic 
cerrectien fer 
‘the X~plates, 
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SUPPLY 


LINE 


Fig. 291 = Supply network showing 
Y shift and Y stig. control. 


In the figure, Rg and Ry are similar wariable resis- 


ters forming the Stig Contrel se ganged that as Ro is decreased in 


value R3 is increased by the same ameunt, and vice versa. 


Thus, the 


mean value ef the petential on a pair ef plates is raised er lewered 
abeve er belew carth potential (final anode petentisl). 


. A 
simple type ef 
shift netwerk 
which is some~ 
times used with 
small CRTs is 
shown in Fig. 
292. Here ne 
attempt is 
made te keep 
the mean 
petential ef 
the deflector 
plates the same 
as that ef the 
anode, ner is 
any attempt 
made te cerrect 
for astignatian, 
It is alse 
assumed that the 
pewer supply is 
being used fer 
ether sections 
ef radar equip- 
ment, se that it 
is convenient 
te earth its 
negative line. 


POSITIVE 











3ro. ANODE 


2no. ANODE 
Ist. ANODE 
CATHODE 


GRID 


NEGATIVE 
¥ LINE 


Fige 292 - Shift network for CRI with 
negative supply line earthed. 
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29. Shift Current for Magnetic Deflection Systems 


A direct 
current through the 
deflector coils is 
necessary te obtain 
shift when magnetic 
deflection is used 
ena CRT. In most 
applications it is 
net essential that 
the shift should 
be made te work both SECTION 
ways and a simple TUBE 


arrangement such : PAIR OF AUXILIARY ; 
as is shewn in Fig. DEFLECTOR COILS 


293 is adequate. 


SHIFT 









CROSS 






Fig. 293 ~ Shift control for 
magnetic deflection. 


INPUT CIRCUITS 
30. Input Circuits to Deflector Plates 


The arrangements for applying input voltages to the deflec- 
tor plates depends on the source of the input, and on whether shift 
voltages are alse required. An invariable rule is that the mean 
petential ef each pair of plates 
must be near that ef the final 
anode. Fig. 29% shows a simple 
arrangement with ne shift volt=- 
ages; C isolates plate Y; from 


any steady voltage (which weuld ; 1 . 

produce shift) in the input INPUT 

supply, whilst resister R (1 to ‘p 

.2 megehms) provides a path back L 

te the final anede fer electrons : -4) 

cellected by Yj from the beam, (vsuatyar EartH) 
POTENTIAL 


Since in the absence of 
deflecter plate current the 
resistance between a pair of Fig. 294 - Input circuit to 
deflector plates is ef the omer deflector plates, 
ef 20 megehms, the effective 
lead acress which the input is 
C2veleped is R (1 to 2 megohms). 
The fact that the ORT has such a high input resistance is of imper- 
tance since it means that its connection across a circuit dees net 
usually disturb the conditions ef that circuit appreciably. The 
inter=plate capacitance, ef the erder ef 20 te 50 nF, is, however, 
shunted acress the circuit supplying the plates and may cause a 
distinct medification of the input voltage. 


If it is desired te apply both shift and work (input) voltages 
te one plate the circuit ef Fig. 295 may be used. The resistor 
R is taken te the shift voltage tapping instead of directly te the 
anode. Cy bypasses te anode, and so to earth, any ripple that 
there might be on the shift supply; the tapping on the shift slider 
is, therefere, at a constant potential, Thus, R is the effective 
load on the input source acress which the werk voltages are 


develeped. 


3195 


Chap.6, Sect.31 


Fig. 296 
shows the arrange- 
ment whereby a 
werk and shift 
voltage can be 
applied to one 
deflecter plate 
and an equal and 
opposite werk 
and shift voltage 


+VE WRT ANODE 3 





SHIFT VOLTAGE 
SUPPLY 


EQUAL 
RESISTORS 





-VE WRT ANODE 3 


can be applied ¥, 
to the other a y 

plate. Such 9 37 ANODE 

an arrangement + (USUALLY AT EARTH 


maintains the 
mean poten- 


Rae a ee Fig. 295 + Input cirovwit when shift 
oe and work voltages are applied to 
pdnpoc equ seme plate. 

to that of 


the anede, and so avoids trapezium and deflection defecusing of 
the trace, A similar circuit allews twe distinct inputs te be 
applied simultaneously, when the resultant deflection will be at 
any instant preportional to the difference of the two input 
veltages. 





POSITIVE 
LINE 








SHIFT SUPPLY 


INPUT 1 VOLTAGE 
; 3ro. 
» 
ANODE 
(USUALLY 
AT EARTH 
Mere POTENTIAL, 


4 NEG. LINE | 





Fig. 296 = Input circuit for balanced 
input and deflection voltages. 


31. Input Circuitste Grid and Cathode 


It frequently happens that it is desired to black~eut.the 
spot ef light en the screen ef a CRI during seme portien ef its 
werk cycle. For example; when a trace is being moved te and fro 
across the screen it may be necessary te eliminate the fly-back so 
as to prevent its ebscuring the ferward trace. Alternatively, it 
may be necessary te brighten the spot over seme pertien ef the 
trace (intensity medulation). These effects can be secured by 
applying a pulse of voltage te the grid (er cathede), A rise of 
potential at the grid er a fall ef petential at the cathode 
increases the brilliance. 


Fig. 297 shows hew the additienal pesitive er negative 


pulses may be applied te the grid and cathede ef the CRI. RL is 
the load across which the grid input veltage is developed, whilst 
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POSITIVE LINE 


I» 


OC SUPPLY 


BRILLIANCE 


NEGATIVE LINE 


Fige 297 = Combined grid and cathode 


Ry is the lead 
across which a 
cathede input 
veltage would be 
applied. Cj and 
Co bypass t 

ripple en the 
supply voltage 

and ensure that 

one end ef each 

ef the resistors 
Ry , and Ro is at 

a steady peten- 
tial, Fig. 296 
shows the circuit 
arrangement if 
pulses are te be 
applied te the grid 
alene, while Fig. 
299 shews the 
arrangement if 
pulses are te be 
applied te the cat- 
hede alene. These 
circuits are in 
cemmen use in radar 
equipments. In 
each case the cen- 
denser C must be 
capable ef with- 
standing a high vel- 
tage, simce one 
plate is nermally 
cennected te a large 
negative petential 
(petential ef grid 
er catheds) whilst 
the ether plate (te 
which the pulses 
are applied) is 
usually at a small 
pesitive petential. 


input circuits. 





cRID = oO—f 


INPUT 


VOLTAGE t 







D.C. 
SUPPLY 


| 


| BRILLIANCE 





C2 


NEGATIVE LINE 


MPige 298 = Grid input cireuit. 


POSITIVE LINE 









> 


CATHODE 


INPUT VOLTAGE 
DC SUPPLY 





BRILLIANCE 


NEGATIVE LINE 


Fige 299 = Cathode input circuit. 
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HARD VALVES 
32. Intrdduction 


In the following sections are discussed some of the special 
problems which apply to the use of hard valves in circuits peculiar to 
radar, as distinct from conventional radio cirazrits. No attempt will 
be made to describe the more normal uses of valves, which are ade- 
quately dealt with in other works. 


33. Power Valves for Radar Transmitters 


In radar systems which transmit pulses of short duration, of 
the order of a microsecond, at intervals of about one millisecond, the 
problem of power conversion is somewhat different fron that which 
arises in conventional radio transmission, The transmitting valve, 
whether a triode such as might be used at 50 Mc/’s., or a centimetric 
oscillator, such as a magnetron, is required to emit high-voltage 
pulses which, if they were allowed to last for more than a few micro- 
seconds, would rapidly destroy the valve due to excessive anode dissi- 
paticn and consequent overheating. Owing, however, to the relatively 
long quiescent interval between pulses, the valve is able to recover 
fran its temporarily overworked condition. In this way power valves 
may be used without particularly elaborate cooling systems, at voltages 
far above their ordinary Cf rating. Such a valve must have a very 
high emissivity, and therefore a large cathode, compared with that of a 

radio transmitting valve, to generate adequate peak currents, The 
anode, however, need not be unduly large, snd air-cooling is usually 
enployed, In some cases the anode takes the form of a brass bloc’: which 
is cooled by air pumped through cooling ducts. In others, fins in a 
current of cool air provide sufficiently rapid heat dissipation. 


The precautions usual in high-frequency circuits must be taken 

in the construction of the veives. Electrode leads must be kept as 
short as possible and inter~clectrede capacitances reduced to a minimm. 
Acorn and Door~Knob valves have been designed to meet these require-~ 
ments, and may be employed as radar transiitting or receiving valves at 
frequencies up to about 600 Mc/s. Above this frequency special types 
of transnitting valves must be used in which the tuned circuits form an 
integral part of the valve itself; exemples of these are given in 
Chap. 8 Sec. 17 . The limitations of conventional valves at high 

frequencies are further discussed in Chap. 7 Secs. 24 and 25, 


3he Suppressor-Grid Characteristics 


In many radar contrel and generating circuits multi-electrode 
valves sre euployed under conditions not normally encountered in con~- 
ventional radio practice. In particular the use of the suppressor 
grid of a pentode as a control electrode is common. A brief des- 
cription is given below of some of the effects of varying the suppressor- 


grid potential. 


Since the suppressor grid was originally introduced between 
screen grid and anode to eliminate the well-known kink in the I, - ve 


characteristics of a tetrede it is te be expected that if the poten- 
tial of the suppressor grid is raised substantially above that of the 
cathode the kink in these curves will reappear. This does, in fact, 
happen, and if the suppressor grid is not held at a low potential the 
valve acts like a tetrode. Over the region of "negative slope resis- 
tance" an increase in anode voltage causes a decrease in anode current- 
and an increase in screen current. 
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If the suppressor grid is made negative with respect to cathode 
the anode and screen-grid currents are usually very much affected. A 
reduction in the suppresser—grid potential, making it more negative, 
increases the potential barrier between screen grid and anode, reduces 
the anede current and increases that of the screen. Normally the 
suppresser grid must be made very negative before the anode current is 
completely cut off. For most RF pentodes with potentials at the anode 
and screen grid of a few himdred volts the suppressor grid must be 
made frem 50 = 100 volts negative to cathode before anode current is 
cut off. Some valves have been specially constructed with closely 
wound suppressor grid wires, so that cut-off of the anode current 
occurs for only a few volts of negative bias on the suppressor. These 
valves may be especially suitable for use as Gate Valves or in Tran- 
sitron oscillators or relays. 


In a Gate Valve signal voltages are usually applied to the 
control grid, whilst gating pulses are applied to the suppressor grid 
or some other electrode. Generally the suppressor grid is held at a 
negative potential, sufficient to cut off anode current. Positive- 
going pulses are applied, raising the suppresser-grid voltege suffi- 
ciently to allow anede current to flew (provided the control grid is 
above out-off potential). Thus enly those signals are effective which 
appear at the contrel grid during the intervals of the positive-going 
pulses at the suppresser. 


In the Transitron cirewits use is made of the effect of the 
suppresser grid on the screen current. (See Chap.10, Sect.5). 


Fig. 300 shows characteristics of two valves CV1065 
and CV1091, operating under the cenditions shown in Fig. 301. In both 
cases the screen-grid voltage is seen te depend on that of the suppres~- 
sor grid in a curious manner. Consider the curve marked ABCD in 
Fige 300. From A to B the suppresser-grid voltage is below the level 
sufficient to cut off anode current, and there is little change in 
screen current as the suppressor voltage is varied over this region. 
At B anode current begins to flew, and for the regien B to C an 
inerease in suppresser potential increases I, and decreases the 


sereen current I,, so that the screen voltage rises. 


From C to D the screen current increases, as the suppresser 
voltage rises, probably due to secondary emission from the anode, 


As indicated in the diagrams. this portion of the screen- 
voltage, suppressor-voltage characteristic is very pronounced 
for low values of anode potential only and corresponds to the kink 
which ig introduced in the I, - V, characteristic of the pentede, due 
to the positive suppresser-grid voltage. Some secondary emission 
also occurs from the suppressor, and if the voltage at this electrode 
is raised for a shert interval sufficiently far above cathode potential 
cseendary emission may follow at such a rate as to cause the suppressor 
grid to remain at a high potential, if the path connecting it to the 
eathode is not of very low resistance. 


If screen and suppresser grids are connected by a condenser, 
as in transitron circuits, the region BC of the above curve corresponds 
to a region of regeneration. An increase in potential at the 
suppressor causes an increase in anode current and a decrease in 
soreen current, so that the soreen voltage rises. Due to the coup- 
ling condenser, the suppressor grid veltage rises still further, and 
the action is cumulative, Over the region GD, the action is de- 
generative. 
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SCREEN 
VOLTAGE 





100 ~80 ~60 “40 -20 ° 20 40 60 a0 100 
SUPPRESSOR VOLTAGE 


SCREEN 
VOLTACE 





-100 -80 ~60 “40 -20 ° 20 
SUPPRESSOR VOLTAGE 


Fig. 300 = Characteristios for 
(a) CV1065 (b) CV1091 for different 
values of anode voltage: 


Details 
of circuits 
which 
employ this 
type of 
coupling 
are 
given in 
Chaps. 8 
and 10. 


+100V¥ 


ag 


—100V 





Fig. 301 - Cirouit corresponding to 
curves of fig. 300. 
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SOFT. VALVES 


35. Summary on the effect of gas in valves 


If gas at a low pressure is present in a valve it has no 
appreciable effect on the characteristics so long as the electrons are 
moving in the valve so slowly that they cannot ionise it. If, hew- 
ever, the anode potential is gradually increased, and the electron 
velocity thereby increased also, a potential will be reached at which 
the gas is ionised so that sone molecules are split into electrens and 
(relatively) heavy positive ions. 


If the potential difference between anode and cathode is 
greater than a critical value, called the Ionisation Petential for the 
gas, the electrons can just acquire the requisite speed, during the 
intervals between collisions with gas molecules, to maintain the 
vapour on an ionised state. 


Aa soon as ionisation occurs the space-charge distribution in 
the valve is profoundly modified. The electrons emitted by boubard- 
ment join the stream of primary electrons and travel repidly towards 
the anode; the heavier, and therefore more slowly moving, positive 
ions travel towards the cathede where they neutralise the electron 
space-charge. 


It will be recalled that in a hard diode walve, fer mall 
anode potentials, the presence of space charge is the only facter 
preventing the total emission current reaching the anode. As soon, 
therefore, as the positive iens neutralise the spaze~charge the full 
emission current reaches the anode, although the anode petential may 
be considerably below that required to produce sat sration in the 
absence of ionisation. The effect is illustrated in the diode 
characteristics of Fig. 302 in which the curve a, 2», o, d, represents 
the behaviour of a hard hot-cathode valve, and a, », e, d, that of a 
similarly constructed valve centaining gas at low pressure. For 
anode potentials less than V, there is ne ionisation and for both 
valves the current is space-charge limited, For potentials greater 
than V, the gas in the seft valve ionises, the spaze charge is 
neutrafised and the full emission current I, flows, 


Seft vaives 
may have considerabie 
variation in design, 
but may be classified 
under three general 
headings: ~ 


(4) Cola 
Cathode 
Diode 
Valves 


(44) Hot 
Cathode 
Diode 
Valves 





(444) Hot 
Cathode Fige 302 = Effect of gas on diode 
Triede characteristic. 


Valves. 
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Other types of soft valves such as Spark Gaps and Soft Rhumbatrons 
are of special application in radar systems. 


36. Cold Cathode Gas Diode 


In this type of valve inert gas is present at low pressure. 
In the normal state the molecules are electrically neutral and no 
current flows, As the potential difference between anode and cathode 
is increased a degree of polarisation of the gas molecules will be 
set up, and ultimately the Striking Voltage is reached at which 
ionisation is initiated, This process may be further complicated 
by extransous irradiation, such as ultra-violet radiation, and 
as a result the striking voltage is not in general clearly defined. 


The striking voltage, normally about 120 volts, is always 
greater than the ionisation potential, and corresponds to the "flash- 
over point" or breakdom of the gas dielectric. Once the valve has 
struck its subsequent behaviour is similer to that of a hot-ecathode 
diode, 


The gas will remain ionised until the current is reduced 
below a value called the Extinction Current. Provided the anode 
current is greater than this value the anode-cathode voltage remains 
constent at approximately the ionization potential of the gas. 

This is called the Extinction Voltage. 


This valve has use as a HI stabilising device since, once 
it has struck, its anode-cathode voltage is stabilised at the value 
of the extinction voltage. 


The tube may also be used as the discharge element in simple 
forms of time-~base circuits, but its use in this application is 
limited by the relatively small separation, ebout 30 volts, between 
extinction and striking voliages, and also by the uncertainty in 
the value of the striking voltage noted above. 


The Stabilovolt, which is discussed in Chap. 19 Sect. 1 
development of the principle outlined above. mete ee 


37+ Hot Cathode Gas Diode 


In general this type of valve contains mercury vapour at a 
pressure of about 1075 mm. of mercury. A small amount of liquid 
meroury is present in the tube at room temperature and this is vapo- 
rised when the temperature is raised by the application of heater 
valtage, so that the requisite vapour pressure is produced, This 
valve is commonly employed fer power reotification due to its large 
current-carrying capacity. Since in this case tne onset of 
ionisation depends on the electren current emitted by the hov 
cathode the uncertainty in the value of the striking voltage is largely 
eliminated. The separation of striking and extinction voltages is 
extremely small. If an attempt is made to raise the voltage above 
its extinction value while the gas is ionised. the cathode will be 
demaged by positive ion bombardment. For this reason a limiting 
resistor is normally included in series with the valve to ensure that 
the voltage across the valve does not exceed a safe value. 


The performance of this valve depends very considerably on 
temperature since this affects the vapour pressure of the mercury and 
therefore the probability of collisons occurring between electrons 
and molecules so as to cause ionisation. 
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38. Hot Cathode Gas Triode 


This type of valve is normally termed a Thyratron, although 
actually this word is a trade name for hot-cathode mercury triodes 
made by one manufacturer. 


A grid is introduced to provide contrel over the striking 
voltage; this grid has no control over the extinction voltage. In 
the absence of ionisation the effect of the grid voltage on the anode 
current is similar to that for a hard triode valve, For a given 
grid voltage, negative to cathode, the anode voltage must be raised 
above a certain value, the cut-off value V,, before anode current 
flows. This will not cause ionisation wiless V, is greater than 


the ionisation potential V.. Hence, ionisation will not be initiated 


for a given grid voltage unless the anode voltage is raised above the 
greater of the two voltages, V, and Vi. Figs 303 shows the I, -V, 


characteristic for a typical gas-filled triode at zero bias, i.e., 
with V, = 0. 


Alternatively if the anode voltage be at a value greater than 
Vg then there is a critical voltage for the grid below which ionisation 


will not be initiated. This grid control can be made exceedingly 
sensitive by a suitable design of the electrode assembly. 


Once ionisation occurs, variation of the negative potential of the grid 
has little effect on the space current, since positive ions are attracted to, 
and surround, the grid so that the electrostatic effect of this electrode is 
neutralised. The grid therefore loses control until De-ionsation (Recombination) 
takes place, which can occur only as a result of lowering of the anode potential 
below the extinction value; in short, after ionisation occurs, the peformance 
is identical with that of a hot cathode diode. The de-ionisation time 
(10 to 1,000 micro- 
seconds) depends on 
the electrode- 
potentials and, in 
general, may be 
shortened by the 
application of a 
negative potential 
to the anode; such 
a practice, however, tg(mA) 
may appreciably 
shorten the life of 5 
the valve, as positive ion 
bombardment ensues, with ee 
consequent spattering of 
anode material. For os 
this reason the 
application of large a : 
negative anode voltages 10 12 14 16 18 20 22 
ig usually avoided, 






STRIKING 
VOLTACE 


Va(VOLts) 


It will thus be 
seen that by making the Fige 303 - Characteristic of typical 
grid voltage sufficiently hot-cathode triode with Argon gas 
negative a wide difference filling, at zero bias. 
between striking and : 
extinction voltage can 
easily be achieved. 
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As mentioned previously, the lower is the anode potential 
the higher the grid potential needs to be in order that ionisation 
may occur. The Striking Characteristic of a thyratren is shew in 
Pigs 304. It is seen that over a large portion of the characteristic 
the ratic of the increase of anode voltage needed to initiate ioni- 
sation to the corresponding change of grid voltage is almost constant. 
This ratio is mow as the Control Ratie and is of the order of 20 
to 100. 

The grid Va (VOLTS) 
loses control of 3200 
the valve current 
once the aro has 
started, but its 
potential is 
importent since 
this electrode may 
draw appreciable 
current. If the 
grid is ata 
positive potential 
it collects 
electrons and the 
velue of this grid 
current rises 
rapidly with grid 
potential. If, 
however, the grid 
is at a negative 
potential it s 
collects positive Wc ce “1 10-9 -8 7 -6 -5 -4 -3 2 -1 0 





} 2800 


f 800 





400 





oaereat Sania. te Figs 30) - Striking ctarecteristios of « 
typical meroury-filled triode for 

nearly cdnstant 

with: chanse of different tanperatures. 

grid potential (Fig. 305). Sinoe large grid-ourrent flow is possible 
for relatively low values of grid voltage it is advisable te include a 
limiting resistor in series with the grid sc that the grid is maintained 
at approximately sere potential. 


Gas triodes are very easily damage l if ‘they are allewed te 
pass very large currents. If the valve current is allewed te reach 
the walue of the anission current, it means that there is no electronic 
space charge left at the cathede, and therefere no protection of the 
cathode surface from positive lien bombardment. This valve current my 
be limited by inserting a resister in series with the vaive. 


The gas used in such triodes is either mercury vapeur or ene 
of the inert gases such as neon, argen, helium or hydregen, or some 
‘ mixture of these. In the mercury vapeur valve, liquid mercury is 
normally present with the vapour, se that olanges in temperature alter 
the smount of vapeur sent and hence the operating characterigtics 
of the walve (Fig. 30. In valves filled with neon or one of the 
other gases the quantity of gas remains constant and the ionisation 
is therefore hardly affected by changes of temperature, within wide 
limits. In such valwes, however, there is an absorption of gas by 
the eleotredes which causes a change in the gas pressure, and it ia this 
factor, in the main, which determines the working life of hydrogen filled valves. 


Because of its adaptability, being usable over a wide range of 
striking voltages, the hot-cathode triode is employed in many types 
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of circuits where relatively large currents are required. For very 

high powers, however, the sise of the valve which is necessary and the 
comparatively elaborate construction have resulted in such valves being 
superseded by spark gap or ignitrons. One of the chief disadvantages of large 
thyratrons is the delay involved in heating the valve te the correct 
temperature so that the mercury vapour pressure is at the operating 

walue. This usually involves the use of a thermostat which in- 

corporates a cooling, as well as a heating device, since overheating 

may oause erratic operation. 


39. Spark Gaps 


It is sometimes necessary to arrenge a circuit so that a 
switch is clesed when the potential acress its terminals reaches a 
eerteain high value. This process is conveniently carried out by 
putting a spark gap between the terminals. As in the case of the 
cold cathede diode, when the potential reaches the value of the 
striking veltage the gap conducts, and while it ia conducting its 
resistance is very small. When the potential is remeved the spark is 
extinguished after a period of de-ionisation and a high potential can 
again be built up. before the gap once more conducts. This principl> 
is used in the ebsolescent spark telegraphy. 


Spark gaps are used in radar for switching ‘ in high-power 
modulaters which employ a pulse-forming network and (b) in commen T/R 
systems (where the same aerial is used for both transmission and 
reception). 


In modulating circuits it is usually required that the spark 
should oceur at precisely regular intervals. It is therefore more 
satisfactory net te control the operation by allewing the voltage 
across the main electredes to reach its relatively variable striking 
veltage, but to initiate the ienisatien by the use of a control 
electrode, whose function is similar to that of the grid ef a thyratron. 
fhe spark between the main electrodes is struck by the application of 
pulses of high voltage, but net necessarily of high power, between a 
third electrode and one ef the two main electrodes. Spark gaps 
which operate on this principle are knom as Triggered Spark Gaps, 
and the third electrode is termed the Trigger Electrode. The 
triggering pulses, since they need not be of high pewer, can be 
readily developed by circuits using nermal hard valves. 


Alternatively, the distance between the main electrodes can 
be varied in a cyclical manner so that they approach each other 
sufficiently clesely fer the spark te strike at the required instants. 


Rotary Spark Geps operate en this principle. 


The chief advantages of spark gaps compared with hot cathode 
valves of comparable dimensions are their robustness and high power~ 
handling capacity. The principal disadvantage of spark gaps is their 
inflexibility, sinse for a gap of given dimensions the striking voltage 
cannot pe adjusted. In such a case the design of the modulator is 
largely determined by the characteristics of the spark gap used, 


4O. The Triggered Spark Gap_ 


This type of spark gap consists essentially of three electrodes; 
in its commonest form, the two main electrodes take the form of hemi- 
spherical caps and the trigger electrode is a wire the end of which 
protrudes through an aperture in one of the main electrodes. A common 
construction is illustrated in Fige306. Here the main electrode A is 
comescted to a metal cylinder B surrounding the trigger electrode T 
and separated from it by glass insulation G 
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In normal use the 
spacing between A and C : 1g (nA) 
should be such that a spark ¢ 
does not strike between 
these electrodes, even 40 
when the maximum potentiel 30 
difference between then 
is reached, unless ioni- 







20 


sation is initiated by He Daa eae Oe at 
the application of a oo tone 33 Vg(voutTs) 


triggering voltage between 
Aand?T. The pessibility 
that sparking may occur 
between A and C befere it 
is required is reduced by 
shaping A and C in such 


Ia = 300mA 





a& manner that high field : 
concentrations are avoided = Sai aga toa 
at the surface of these +} cnc 


electrodes. A spark 

between A and C is extinguished when the veltage develeped between 
these two electredes falls to a low level, the value of which is deter- 
mined by the ionisation petential of the gas in the gap. 


The mamer in 
which the triggering 
voltage has effect in 
initiating the striking 
of the spark between A 
and C is not always 
clear, but two dig- 








—]_ 
tinet modes of operation G SN 
are possible, depending i. nia 
to some extent on the suet ALLL § 
design of the spark gap < 
and to a larger extent | \ | 
on the relative polari- a A 


ties of the applied 

potentials. It is 

usual for the electrede 

A to be earthed, since 

this permits the circuit Fig. 306 = Eleotrode assanbly of 
producing the trigger triggered spark gap (not to scale). 
pulse to operate near 

earth potential. The 

two possible modes of 

operation are :- 


(i) The triggering veltage applied between A and T causes a 
vreakdorn of the small gap between these eleotredes and 
the light emitted by the resultant discharge causes 
ionisation of the molecules in the main gap AC (possibly 
there is alse some drift of ions inte the main gap) 
and so initiates the main spark. In gencral this form 
of discharge is more likely to occur if the potential 
applied to the trigger electrede is of the same polarity 
as that of electrode ©. 


(44) If the potential applied to the triggering electrode is 
of opposite polarity to that of the electrode C, the 
potential difference between these electrodes is the sum 
of the magnitudes of their petentials and since in 
addition there is a high concentration of field and 
possibly a corona discharge at the point of T, a spark 
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is likely to strike between T and C. As soon as this 
occurs a large current flows between T and C causing | 
the potential of T to reach much the same value as that 
of C, the actual potential acquired by T depending on 
the relative impedances of the input circuit to T and 
the output circuit from C. The potential difference 
between T and A is then normally large enough te break 
down the gap between these two eclectredes. The dis~ 
charge path between A and C is then completed. It is 
assumed here that the magnitude of the initial trigger= 
ing voltage is not large enough to give rise to a 
discharge between T and A. 


The mode of operation (ii) has the advantage that the triggering volt- 
age necessary to initiate the main spark can be smaller in value than 
that required in case (i). The position of the insulator G, separat~ 
ing T and A has some bearing on the value of the voltage required to 
trigger spark gaps cperated by the mechanism (i). If the insvwlater is 
fairly near the front of the eleatrode A it considerably reduces the 
necessary triggering woltage, probably due to tracking of the discharge 
along its surface. Again, for this type of operation, in order to 
produce efficient irradiation of the main gap by the triggering dis~ 
charge it ia desirable that this takes place between the trigger 
electrode and the front edge of A. Consequently, the frent edge 
ef A should be made sharp. 


The action of triggering a three electrode spark gap normally 
results in jitter, i.c., a random fluetuation in time interval, be- 
tween the application of a triggering pulse and the instant at which 
spark Giseharge ecours, This jitter often may result from random 
variations in conditions of ionisation in the gap, resulting in a 
ohange of the value of impressed voltage necessary to cause the gap 
te strike, Therefore, since a trigger voltage must. take a finite 
time te build up, jitter will result. Jitter due to this cause may 
thus be reduced if the triggering voltage can be arranged to build up 
te the critical value very rapidly, and this can most easily be 
achieved by providing a triggering veltage much larger than the minimum 
eritical value needed to fire the gap. On the other hand it is 
Qlearly desirable from the stand-point of the design of the trigger- 
producing circuit that the trigger voltage to be produced gheuld be no 
greater than necessary. In practice, a certain emount of residual 
ionisation remains between successive araings and it is necessary to 
have a higher triggering voltage to break-down the main gap at first 
than subsequently. If the triggering voltage is made just large enough 
to trigger off the first spark in the main gap, it is sufficiently 
above the minimum voltage necessary fer triggering subsequent sparks 
to ensure that only a snall asount of jitter occurs. 


Since there is asymmetry of the electrodes of the spark gap 
there is reasen to expeot that the amount of jitter depends on whioh of 
the two main electrodes, is used as the anode. Experience shows that 
in most radar equipments the more reliable operation of the spark gap, 
from the point of view of accurate timing, occurs if the electrodes A 
and C serve respectively as anode and cathode of the main discharge. 


fhere is a tendency for the main gap to break dom, at volt= 
ages lower than expected from the separation of the main electrodes, 
before the trigger voltage is applied. This effect is probably due 
to excess of ionisation remaining from a previous spark, and its 
incidence limits the recurrence frequency. The possibility of this 
premature sparking is much less if the value or duration of the spark 
current is reduced, and if it is possible to remove the residual 
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products of the previous spark by, say, blowing air into the gap. ‘This 
of course precludes the possibility of enclosing the spark-gap structure. 
De-ionisation time is also affected by the type of gas in which the 
spark is produced, 


Triggered spark gaps operate very well in air at atmospheric 
pressure provided they are not enclosed. If they are enclosed, their 
life may be fairly short, This is probably due to the production of 
nitrogen peroxide by the discharge. The presence of this gas in the 
gap increases its sparking potential and makes it inoperative at its 
previous potential ratings. 


Although it is generally not necessary for a spark gap to be 
enclosed in an airtight envelope if it is always to be used on the 
ground, for airborne use such an envelope (usually glass) is desirable, 
due to the variation of pressure with height. 


It appears necessary, in order that the de-ienisation time 
be sufficiently rapid, for the gas in which the sperk is struck to 
contain a certain amount of oxygen, which has the property of promoting 
rapid de~ionisation., Various mixtures of gases are suitable, two of 
which are: one, a mixture containing 90% nitrogen and 10% oxygen at 
atmospheric pressure, and the other a mixture of 97% argon and 3% 
oxygen at three atmospheres pressure. 


The life of an enclosed gap depends largely on the rate at 
which the oxygen in the gap is used up either by oxidation of the 
electrodes or by combination with the other gases present in the case 
of the air-filled gap. Also the electrodes are liable to wear both 
by oxidation and by sputtering in the spark. In order to reduce the 
wear they are usually made of molybdenum or tungsten. 


41, The Rotary Spark Gap 


In this form of spark 
gap the electrodes are generally 


fixed, and a metallic arm is' Fon, 

rotated between them at a oy 

uniform speed by means ef an AXIS OF 
ROTATION 


electric motor, The axis of 
retation of the moving arm 
cuts the line joining the a 
electrodes mid-way between — @ ° 
them, so that in one position 

the two ends of this erm 


o> 


just clear the respective 

electrodes simultaneously Fige ae = eo 
(Pige 307)- When the retat~ assenbly ary spark 
ing arm reaches some such Sape 


position as that shown in 
the figure then a spark 
strikes between A and P and between C and Q, forming a conducting path 
from A to CG; i.¢., the switch whose terminals are 4 and C is clones 
The spark is extinguished when the voltage driving current through the 
switch falls to a low value, and not, in general, because the movement 
of the metallic arm has caused an inersase in the spacings AP end Q. 
In normal operation the required duratien of the spark is of the order 
of 1 microsecond, in which time the metallic arm does not move 
appreciably. 

The recurrence frequency of the spark is twice the frequency 
of rotation if a single arm is used, Howewer, this frequency is 


increased if there is more than ene arm, Thus, with a retating spark 
gap of the form show in Fig. 308 the recurrence frequency of the 
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sperk is four times the frequency 
of rotation of the arms, so that 
if the motor driving the 
. rotating electrede has a rating 
of 6000 repeme, the spark recur~ 
rence frequency is 400 per e 
second, Recurrence rates as ROTATION os 
high as 2500 per second have 
been obtained. 


If there is more than 
one pair of fixed electredes 
arranged round the circum 
ference of a circle, and more 
than one am, it is possible 
to provide a number of spark= 
Pe ce paises Pige 308 - Double am rotary 
An arrangement such as this spark gepe 
is required for the Marx 
circuit, (Chap. 14 Sec. 38). 





The closeness with which two electrodes have to approach 
before a spark strikes, if there is a potential difference between 
them, is rather erratic, and varies slightly in this form of a spark 
gap for successive strikings of the spark. Oonsequently, there is a 
alight variation in the time interval between successive sparks, 
This jitter is smaller the larger is the radius from the axis of 
rotation to the point at which the spark is struck, since then the 
ciroumference covered by the moving arm between successive strikings 
of the spark is large compared with the variations in the sparking 
distance, Furthermore, if the repetition rate of the spark is in- 
ereased by increasing the number of arms mounted on the same sheft, 
the length of the moving electrode must be proportionately increased 
if the relative smount of jitter is not to increase. 


Owing to the difficulty of reducing jitter beyond a certain 
point with reasonable dimensions between the fixed electrodes, the 
spplications in which a retary spark gap can be used are ratner more 
restricted than those in which a triggered spark gap can operates 
For example, since the time of discharge of the spark is liable to 
sane variation as the rotating arms approach the fixed electrodes, it 
cannet readily be co-ordinated with an independent source of timing. 
In fact when a rotary spark gap is used in radar equipment the timing 
of the spark itself must be used az the basis of synchronisation of 
the whole systea if accurate measurement of time~intervals is required. 
However, the- random nature of the timing of a rotary spark gap in a 
radar equipment does decrease the chance of periodic external inter— 
fering signals being “lecked" to the tranmitted pulse and so giving 
the appearanee of an Eche (re-radiated signal). 


When the spark is struck the ourrent fl between the 
electrodes is usually very heavy (50 omperes or more), and consequently 
the electrodes of the spark gap tend to wear.- To minimise this it is 
usual for the ends of the eleetredes to be made of molybdenum The 
life of a retary spark gap is determined almost entirely by the wear 
of the molybdenum electrodes. This wear is governed chiefly by the 
value and total duratien of the current so' that the life of the device 
ds roughly inversely proportional to the peak current, duration and 
repetition rate of the sparks. 


The factor which ultimately limits the maximun recurrence 
frequency at which a spark gap can operate is the time taken for the 
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gases to de-ionise, However, in a rotary spark gap the sparks are 
unlikely to be maintained except during the short interval when the 
rotating arm is close to the stationary electrodes. Besides, the 
spark normally takes place in air and is not enclosed, so that the 
motion of the moving arm creates a draught which tends to clear ions 
away from the fixed electrodes after a discharge has ceased in 
readiness for the next spark. For these reasons the spark gap can 
be a at a high spark recurrence frequency (e.g 2,500 per 
second). 
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42, The T/R Switch 


In many radar equipments one aerial system is used for both 
transmission and reception of signals, This arrangement involves the 
use of a switch which is so arranged that during transmission of RF 
pulses the transmitted power is prevented from reaching the receiver, 
whereas during reception the received power is allowed to pass 
freely to the receiver. If the transmitted power were permitted to 
reach the receiver, designed to deal with extremely low level signals, 
(not greater than 1/10 watt), it would in general damage the receiver, 
or at least render it inoperative for the reception of signals, 


Trangnitted peak powers are normally considerably greater 
than 1/10 watt (they may be 50 kW. or more) so that the switch be- 
tween the transmitter and receiver must operate so as to prevent 
the major portion of the transmitted peak power from reaching the 
receiver. Furthermore, the switch must be capable of passing 
received signals, which are in general of considerably less power 
level than 4/10 watt, and should be able to do so within a fraction 
of a microsecond after the transmitter has ceased to operate. 


The construction of a typical T/R switch is shown in Fig. 309. 
It consists essentially of a rhumbatron, (cavity resonator, Chap. 5 Sec 
25) the lips of which are enclosed in a glass envelope containing gas 
at low pressure, The normal filling of the envelope is water vapour 
at a pressure of 6 mm. of mercury, Coupling of RF power in and out 
of the resonator may be made by means of small loops, which are fed 
from coaxial lines, or by wave-guide feed, while the tuning of the 
resonator may be accomplished by means of screw plungers. 


If the switch is inserted in a coaxial line fed by a RF voltage 
generator, the following 
behaviour is observed, 
For low RF powers, less 
than 1/10 watt, if the 
resonator is tuned to 
the appropriate fre- 
quency and the coupling 
loops correctly ad- 
justed the switch acts 
almost as a one-to-one 
transformer, and the 
transmission is nearly 
perfect; (Fig. 340). 

In practice there is 

& smell loss of power 
known as reception 

or low-level loss of 
the order of 0.5 db. 

in passing through the 
switch, If the 

input voltage is 
increased, the RF Fige 310 -.Analogue of T/R 
voltage developed across switch circuit 
the lips of the 

resonator becomes large 
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enough ultimately to initiate glow discharge. Once ionisation has 
taken place this voltage remains approximately constant at a low 
value, being analogous to the extinction voltage of simple gas valves. 
The power tranamitted through the device ig then a function of the 
running voltage, and since this voltage is effectively constant, the 
power tranaitted through the switch is small and practically inde- 


pendent of the input voltage. 


The glow discharge can be considered 


as ach a low shunting resistance directly across the cavity. 
0). 


(Fig. 31 


The protection 
afforded to the receiver 
by the switch during the 
period of operation of 
the transmitter of a 
radar equipment is 
determined by the 
running voltage of the 
glow discharge and 
the break-down time of 
the gap. The running 
voltage is closely 
related to the pressure 
of the water vapour 
used in filling the 
switch, whilst the 
breakdown time, besides 
being dependent on 
conditions of operation 
(see below), is also 
related to the 
effective Q (normally 
about 300), of the 
resonator, The Q of 
the resonator deter- 
mines the rate of rise 
of voltage across the 
lips of the resonator. 
The break dom time 
should be as short as 
possible since, until 
a glow discharge is 
formed, transaission 
through the switch is 
unimpaired, In 


OUTPUT 
POWER 





PROTECTION 
GREATEST 


Z 


2 4 6 8 lo 2 I4 
PRESSURE O* WATER VAPOUR 
(mm of meRcuRY) 





Fig. 341 ~ Effect on T/R switch 
of variation of gas 
pressures 


general the protection improves as the effective Q is increased or as 
the water vapour preasure is lowered from 15 to 2 mm. of mercury; 


(see Fig. 311). 


The recovery time of the switch is also found to be dependent 
on the pressure of the water vapour filling and on the effective Q of the 
resonator. In general, the recovery time becomes worse as the effective 
Q is increased or as the water vapour pressure is reduced from 15 to 2 mm, 


of mercury. 


As the effective Q is increased the resonator tuning becomes 


more critical, 
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A water vapour fill- 
ing is found to give a 
short recovery time (Fig. 312). 
Other gases which are auit= 
able frem this point of view 
are found to be unstable 
when subjected to RF discharge; 


ives, there is a change OUTPUT VOLTAGE 
in performance of the switch RATIO INPUT VOLTAGE 


with time. When water 
vapour is used it may be 
necessary to provide heating 
for the switch to prevent 
the temperature of the 
water vapour from falling to 
too low a value (below 





0°c). 

The normal gas filling for a OT 28 a8 8 F 8S 
switoh having a resonatcr RECOVERY TIME IN MICROSECS 
with ean effective Q of 300 and ALL GASES AT A PRESSURE OF 
used in connection, say, with ABOUT 6 mm OF MERCURY. 


power of frequency about 
3000 Mc/s., is water vapour 


at a pressure of 6 mm. of Pige 312 - Comparison of 
mercury. This arrangesent recovering time for various 
is regarded as a reasonable gases. 


compromise between protection, 

recovery time and criticalness 

of tuning adjustment. It 

has already been stated that 

the vrotection offered bv the 

switch depends on the break- 

down time of its gap. Provided ions are already present between 
the lips of the switch this break~iown time is very small and the 
protection is good. : 


The T/R switch, as considered so far, functions well for 
repetition frequencies fram about 500 per second upwards, but 
does not protecc tne receiver at the time when the transitter is 
first switched on. In other words, once operation has started ions 
persist in the space between the lips of the resonater during the 
intervals between tranaitter pulses, provided these intervals are 
not longer’ than about 2000 microsecs; but at the start of operation 
there are few if any ions present. 


In order te provide the necessary ions at the start of 
eperation, it is usual to run a steady current discharge between an 
auxiliary electrode (Starter or Keep-Alive Electrode) and the wall of 


the resonator. The current ef this priming discharge is normally 
about 1 to 2 mAs and operates at a running voltage of about 500 velts 
between the auxiliary electrede and the resonator. This priming 
G@ischarge must of course be struck before the tranmitter is switched 
on. ‘There is no disadvantage if the priming discharge is left 
operating continuously while the radar equipment is in use, since the 
presenee of ions in the gap does not have any appreciable effect en 
the tranmsission of received signals (of power less than 1/10 watt) 
through the switch. 
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SPECTAL RESISTORS 


43. General 


The resistors used in most electrical circuits are made of 
conducting materials which conform more or less faithfully to Ohm's 
law. In some instances, particularly at high frequencies, the 
self-inductance and self-capacitance of a resistor are not negligible, 
and must be allowed for as indicated in the equivalent circuit of 
Fig. 313. 

There are, however, other 
substances for which the departure 
from simple proportion between 
voltage and current (DC) is very 
marked. Such substances may be 
particularly useful for special 
applications. The use of copper- 
oxide or “cat's whisker and crystal" 
rectifiers is well known and needs R L 


no description here. In both cases 
the surface junction of metal with é 
non-metal introduces the non-linearity 


which makes the combination useful 
in rectifying or frequency-changing 
circuits. Zlectrons leave the 
metal more readily than the non- 
metal, so that the forward and 


reverse resistances have widely Fige 343 = Equivalent circuit of 
different values. a practical ohmic 
resistor at very high 
Recently various homogeneous frequencies. 


materials have been developed which 

show marked non-linearity in their 

voltage-current cheracteriatics 

without the discontinuity asseciated 

with the former combinations. The 

resistance decreases with an increase in current due to the unusual 
behaviour of the conduction electrons in the atemic structure. In 
addition, the negative tenperature coefficients commonly associated 
with quasi~conducters may have a marked effect on the resistance- 
current characteristic, since an increase in current raises the 
temperature and so reduces the resistance. 


In the case cf Thermistors, described in Sect.45, this leads to an 
actual fall in witage as the current rises, so that beyond a certain 
point the material exhibits the property of negative resistance, 


4b. Metrosil 


This is the trade name of a quasi--conducting material originally 
developed as a lightning arrestor and now widely used az a protective 
device in power supply circuits. The V-I static characteristic for 
Metrosil is shown in Fige 31). The curve follows a power law 
¥ OI’, so that the R-I curve also fellows a power lew. The 
particuler walue of f for a given Metrosil depends on the constitution 
of the material used. By suitable manufacturing methods 6 can be 
given any value between 0-2 and O-4. 


The constant of proportionality is given by the equation :- 
Vez R ra 


and a Metrosil element can be made to give any required value of Rj. This 
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Fige 314 —- Vel characteriztios, (G) Metrosil: 
( PB = 0-25) (b) olmic resistor of resistence R1. 


depends, as in any other resistor, on the shape and size of the element, 
If R is the resistance of the element for a valtage V and a current I, 
then since ¥ = RI it follews that 


Rs Bis 
end by substitution, we obtein 
a 


By 
Rs 
2. 
Wi 1) 





R is the resistance presented by the Metrosil element to a current of one amp. 


Fig. 315 represents the resistance-voltage characteristic for a one~ohm 
Metrosil element with B = 0.25. For any other value of Ry (but the same & ) the 
coordinates of Fig. 315 should be multiplied by Ry. Thus, a 100 ohm Metrosil 
element would have a resistance of 100 ohms for an applied potential 
ee of 100 V., but only 12.5 ohms if the applied voltage were increased 

° ; 


The response of Metrosil to alternating voltages is 
instantaneous so that the static characteristics are usable 
for AC as well as for DC. If a sinusoidal voltage is applied 
to Metrosil the resulting current is very much distorted, and 
the harmonic content must be taken into consideration when 
calculating the RMS value of the current. The RMS value of the 
current (Ipys) is obtained by multiplying by a factor &, the current 
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which would flow 
in response to a 
constant voltage 
equal to the RMS 
value of the 
applied wl1tage. 
The variation 

of ky with 6 is 
shown in Fig.316. 


The 
power dissipated 
for a sinusoidal 
applied voltage 
is given by 


P= Meus Says? 


























V (vouts) 
2 


Fig. 315 ~ Resistance voltage 
characteristic for a one-ohn 
Metrosil element with/ = 0.25. 


I 
FACTOR 


- » wa 


Pigs 316 ~ Variation of ky with p. 
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where Kk depends solely 


en B and varies as 
shown in Fig. 317. 
(x, is the Power Factor 


P 
for Metrosil, if sy 
this term is used in : 
its general sense). ee) 


A Metrosil element 


usually takes the form 
of a ceramic 

moulded into a dise o2 

or ring. Dampness B 
oan be excluded by O2 O25 O83 0-35 O4 


impregnation or by 
dmersion in oil, Heat Fige 317 - Variation of kp with p. 


has little effect, the 
compound being stable 
and mechanically strong 
up to red heat. The power rating depenis to a large extent on the 
mounting. With free air circulation it is generally taken to be 
1 watt/square in. of surface, 

When short duration overloads are to be withsteod, the energy 
can be calculated from the approximate equation. (Energy in watt- 
secs) = 712 x (Weight in k,) x (Admissible temperature rise in ° C.). 


It is found that with a rise of temperature fromT, toT, °C. 
R, changes approximately according to the equation, 
(Ry)7,= (Riz, [2 - 0-008 (ty - T9)]. 


Various applications of Metrosil are as follows :- 
When used as a voltage limiter :- 
(i) Lightning arrestor. 


(41) Safety device to suppress transient surges in inductive 
circuits. 


(413) Pield discharge resistors. 
(iv) Protection of contactor coils. 
When used as a variable resistor :~ 

(v) ‘Overload protection. 

(vi) Voltage regulation. 
(wii) Productien of harmonics. 
(viii) Pulse shaping. 

(ix) Bridged - contact switching. 
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45. Thermistors 


Thermistors, or thermally sensitive resistors, are devices made of 
materials which have a high negative temperature coefficient of resistance. 
The resistance elements are made from a mixture of certain metallic 
oxides which are all semi-conductors, one of the most frequently used being 
uraniun dioxide, which has a sensitivity of 5 x 10+ otmeom. at 0%, 
decreasing to 2.8 x 10° ohm-cm, at 100%, Fig. 318 shows the relevant 
electrical properties of two commonly used thermistor materials, uranium 
@ioxide and nickel manganese oxide, with the corresponding curve for 
Platinum added for comparison. 
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ig. 318 - Resistance temperature characteristics of thermistor 
materials, with curve of platinum for comparison, 








During manufacture the material is fired at a high temperature and is, 
therefore, not affected by subsequent heating to about 500°, 


The resistance material may be formed, from heated compressed powders, 
into snall bead type elements, tubes, rods, disos or washers of various sizes to 
cover a Wide range of resistances and power handling capacities. The 
heating of the element may be achieved by passing current through the 
resistance naterial itself (direotly heated type), or by an independent 
heater insulated electrically from the element (indirectly heated type) or 
by placing the element in a heated enclosure and permitting the resistance 
to be governed mainly by the ambient temperature. 


Some typical thermistors are illustrated in Fig. 319. 


MOISTURE PROOF FINISH 


635mm 


i 


THERMISTOR DISC 
SOLDERED TO PLATE 





(3) (b) (c) (d) e) 
Fig. 319 = (a) (b) Directly-heated thermistors 
(c) (a) Indirectly heated thermistors 
(e) Disc thermistor 
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Physical Properties of Themistors 


There are three main types of characteristic curves used to specify 
thermistor performance: the resistance/temperature curves, the resistance/ 
power curves, and voltage/current curves. Examples of these are shown 
in Fig. 320, 


RESISTANCE IN OHMS 
RESISTANCE IN OHMS 





° 40 80 120 160 200 240 oO 10 20 30 40 50 60 
TEMPERATURE °C POWER INPUT - mW 
(a) Resistance/Temperature (b) Resistance/Power Input 
characteristic of three characteristic 
thenai stors. 

















s 
MILLIAMPERES 


(c) Static Voltage/Current characteristic for typical 
thernistor (The numbers on the curve denote rise in 
temperature ( Cc) above ambient) 
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It will be noted from Fig. 320 (c) that as the current through 
the thermistor is increased, the potential difference rises rapidly 
and soon attains a maximum value. Thereafter there is a rapid drop 
in the potential with further increase in current, Subsequently the 
potential decreases very:slowly and may under suitable conditions remain 
constant over a fairly wide range of current. The negative slope 
resistance property permits a wide range of applications. 


In Fig. 320 (ce) each time the current*is changed, sufficient time 
is allowed for the potential to attain a new steady value. Owing to 
its thermal capacity the change of resistance lags behind sudden changes 
in applied heating power, The thermal time constant of average 
thermistore lies between 0.5 and 4 seconds. 


Application of Thernistors 


(a) Their resistance temperature characteristics make thermistors 
very suitable for 


(i) Temperature Measurement where the large value of 
temperature coefficient of resistance, 5 to 10 times that of 
platinun, permits a higher order of sensitivity to be attained 
in conventional bridze or other resistanve therno wiry syxte is. 
The ‘naximum operating tenperature is limited to 500%, 


(44) Temperature Control Systems 


(444) Compensators to correct for changes of resistance in 
electrical elements, having positive temperature coefficients 
of resistance, caused by ambient temperature variations. 


(b) The voltage - current characteristics make thernistors very 
suitable for 


(i) Low Power Measurement In this application the thermistor 
is designed to act as a power absorbing terminating resistance in the 
trensmission line, which may be of the open wire, coaxial or wave-guide 
type and to form one arm of a Wheatstone Bridge circuit. The application 
of the power to be measured decreases the thermistor resistance and the 
bridge is disturbed from the initially adjusted state of balance. From 
the bridge meter reading or the resistance adjustment required to restore 
the balance the incident power may be calculated, Methods of mounting 
have been designed to minimise the reflection of energy from the termination 
and assure accurate measurement of the power over broad bands in the 
frequency spectrum 


The particular advantages of thermistors for this purpose are that 
they can be made small in size, have a small electrical capacity, can be 
severely overloaded without change in calibration, and can easily be 
calibrated with D.C, or low frequency power. 


Powers from 1 microwatt to several hundred milliwatts may be measured 
by this technique; the lower limit is set by the sensitivity of the 
Galvanometer and the complexity of precautions taken, powers above 1 milli- 
watt being measurable with comparative simplicity. The uncertainty in 
measurement by present thermistor techniques of powers of approximately 
1 milliwatt is less than z db at 200 Mo/s, about 1 db at 3000 Mo/s and 
about 3 dbs at 10,000 Md/s. 


When power measuring test sets are intended for use with wide 
ambient temperature variations, temperature compensation of the thermistor 
is essential. This may be accomplished by the introduction of two other 
thermistors into the bridge circuit or by the combination of two or more 
thermistors with different temperature characteristics. 
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(ii) Oscillator Automatic Amplitude Control, 
(444) Amplifier Automatic Gain Control. 


(iv) Regulators, Limiters, Surge suppressors, etc 


Dynamic characteristics. 


If a thermistor is biassed at a point on the negative slope portion 
of the steady-state voltage-current characteristic, and if a small alternating 
voltage is then superimposed on the direct voltage, a small alternating 
current will flow. If the thermistor has a small time constant, T , and if 
the applied frequency is low enough, the alternating voltage-current 
characteristic will follow the steady state curve and “I will be negative. 
As the frequency increases, !/p becomes smaller compared with Tend an increasing 
Phase lag between current and applied voltage developes, This is illustrated 
in Fig. 321. A portion of the static curve (a) holds for direct currents. 
As the frequency rises the graph assumes the form (b), When the phase delay 
reaches 90° at a frequency fo, say, the impedance is a pure reactance, 


(0) Further inoreases in frequency are accompanied by a disappearance 
of the negative resistance property (d) and ultimately the thermistor behaves 
like an ordinary ohaic resistor (e) when the current and voltage are in 
phases 
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Fig. 321 - Static characteristic (full) and dynamic 
characteristic (dotted) of thermistor for different frequencies. 


The critical frequency is given approximately by fo = Uys tT Thus the 
inherent thermal capacity of the thermistor limits the frequency range over 
which the negative incremental resistance properties may be utilised in 
Oscillators, modulators, amplifiers, etc. Thsrmistors have been designed 
Capable of oscillating at frequencies up to about 5 Ke/s but they cannot yet 
be manufactured with sufficient reproducibility and constancy to be useful 
outside the laboratory. 
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CHAPTER 7 
VALVE AMPLIFIERS 


(In this chapter many of the diagrams are drawn with 
the screen and suppressor grid connections omitted for 
simplicity. When this occurs it may be assumed that norm] 
supply connections are made, the suppressor grid being 
connected to cathode and the screen to a dropping 
resistor or potentiometer with bypass condenser). 


1. INERODUGTION 


The types of voltage variations most frequently requiring 
amplification in radar are illustrated in Figs. 522 and 323. The 
variations shown in Fig. 322 (a) and (b) are commonly termed voltage 
(or current) pulses; those illustrated in Fig. 323 (a) are called 


VOLTAGE 
VOLTAGE RF OSCILLATIONS 





TIME 














a 
ty @) (a) 
: : 
PHASE SHIFT 
‘AMPLI~ BAND WIDTH BAND WIOTH 
fectee PHASE SHIFT 
MID FREQUENCY 
(b) 
Fig, 322 - Typical voltage Pig. 323 - RF pulses and the 
variations and the amplifier amplifier characteristics necessary 
characteristics necessary for for their amplifica*ion. 


their amplification, 


RF pulses. Either of these types of voltage variation may be analysed 
into sinusoidal components covering a range of frequencies (Fourier 
analysis, Chap. 16 Sec. 1). In considering the behaviour of amplifiers 
it is sometimes desirable to consider the response of the circuit to 
these sinusoidal components. Alternatively, in the case of the 

pulses of the type show in Fig. 322 it may be preferable to deal with 
the transient response of the amplifier to an idealised pulse without 
resorting to a detailed analysis. 


Considering both pulses and RF pulses from the aspect of 
their sinusoidel components, the amplifiers required to handle such 
variations must possess characteristics of the types shown in Figs. 
322 (c) and 323 (b) respectively. 
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26 TYPES OF DISTORTION 


an amplifier is liable to produce three types of distortion, 
any one of which causes the form of the output voltage to be different 
from that of the input. 


(i) Amplitude Distortion 


This type of distortion is due to non-linearity of 
the valve characteristics over the operating range 
of grid and anode voltages. The effect is to 
introduce frequencies into the output which were 
not present in the input. 


(44) Frequency Distortion 


This type of distortion is caused by unequal 
amplification of the components of different fre- 
quencies present in the input voltage. 


(iii) Phase Distortion 


This type of distortion occurs when the relative 
phases of the input components of different frequencies 
are not preserved in the output. However, if the 
phase~shift produced by the circuit is proportional 

to frequency all such components are delayed equally 


in time and the output, where there is no other distortion, 
is delayed, but distortionless. 


3- CONVENTIONAL SYMBOLS AND EQUIVALENT CIRCUITS 


Fige 324 (a) shows the circuit arrangement of an ampli- 
fier with load z ge 


The following symbols are used :~ 


Va is the potential difference between anode A and cathode K, 

and is reckoned positive if the anode is at the higher potential. 

vy ia the steady component of v,. 

Vg is the potential difference between control grid G and cathode, and 
is reckoned positive if the grid is at the higher potential. 


Vz is the steady (Bias) component of vo. (V, is usually negative). 


Vp is the Hf supply voltage. 

i, is usually (unless otherwise stated) taken to indicate the 
fluctuating component of the anode currerit, and is considered positive 
in the direction of conventional current flow, fraa anode to cathode, 
I, is the steady component of anode current. 

v, is the change of voltage at the grid (input voltage); i.e. the 


amount by which Vp exceeds ¥,. 


Vo is the change of voltage at the anode (output voltage); i.e., the 
amount by which vg exceeds V.. 

v, is the signal voltage applied to the input cirouit (when different 
from v, or vy)- 
Capital letters A, G, K, used as subscripts, denote that the voltage 
concerned is measured from earth (or chassis) and rot necessarily from 


cathode. 
- is the Amplification Factor of the valve, defined as the ratio of 


a smell change in snode voltage to the corresponding small change in 
grid voltage provided the anode current in the valve remains unchanged. 
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Rg is the Slope Resistance (Differential or Output Resistance) of the 
valve, defined as the ratio of a small change in anode voltage to the 
corresponding small change in anode current provided the grid voltage 
.of the valve remains constant. 

Ge is the Mutual Conductance (Transconductance) of the valve, defined 


ag the ratio of a small change of anode current to a small change of 
grid voltage, the anode voltage remaiming constant. 


if ig, vy and v, are corresponding small changes in anode 
current, grid voltage and anode voltage respectively, the valve con- 
stants may be written :~ 


Ga = la, where 
v. 
anode voltage is constant, 
_. oO. , where 
fee 
i 
anode current is constant 


and 
Ro = i » where 


| 
sea 


~ ~tt 


a 
grid voltage is constant. 
It cen be shown that 


P= Go Ry 


x «x Proof of formula fi = Sm Ra 





if-- 
if 


oe 


For any valve 
there is a relation between 
the anode current i,, anode- 
cathode voltage vg, and the 


grid~cathode voltage v,. 


We may denote this relation 
by the equation 


t(ta, va, Vg) = 0 


adie aleldia ete Soleaiesctsiiare (2) 


From the theory of partial 
derivatives we obtain 


SP ai, +3f dv, + 3f ae 0 
a * Sh We + Wg 
ei, Ove ev, 


eceerereceseenteneauese (2) 





Putting dig= 0, dv,= 0, dv oO 
in succession in (2), we have 


= 


A a OTe eee of. P 
~* S avy [et 7 Fig. 32) ~- Equivalent circuits. 
gz a 
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of 
so that m= far. 
{* ov, av, 3 
G = Oig = of 
ma av or 
Ove g aa,” 
and R, = Sva = ~ of 
Big 2a RE e 
a 
-3f00 BEF 
OV, oa, ov 
dence G Rs = é = = 2 
m Ya er ee: 
ei. ove 3 s 


Stage tification and ivealent Circuits 


The expression for the voltage amplification provided by the 
wtage is ie 


n= Yo 
V4 


if ¥,, and hence Yoo Vary sinusoidally then :~- 


(3) 
Pa Oa PEEHSHHHHS SH BHE OHO SHEE HS PHEHORHE | 
R + 4) 


in general.m is complex; its magnitude will be denoted by im), and is 
Vo 
egual to ® 
% 
The circuit of Fige 324 (a) may be represented, fran the point of view 
of fluctuating voltages, by the equivalent circuit shown in Fig. 324 (b). 
In this circuit the current i is given by 


Lois = MVE ; 
ty +R 





henee =o a Aezt s~ _ 27 =m, justifying the representation. 
i i a + Rs 


Equation (3) can be rearranged as follows :- 
om fe ° my ° Re 
ae 


Ro + 7] 


= = Gy Rg 29 
Ri+ %& 


wb sdiewdae's eeedvavseteseaveures (Ke) 


xquation (4) suggests the form of equivalent circuit shown in Fig. 

324 (c).» This is normally referred to as the Constant-Current 
Generator Equivalent Circuit whilst the other (Fige 324 (b)) is termed 
the Constant-Voltage Generator Equivalent Circuit. The two circuits 
scpress the same relationship between v,; and v,- 
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If the valve used is a pentode whose slove resistance is 
large compared with the load impedance the arrangenent show in 
Fig. 324 (c) simplifies to that show in Fig. 324 (d). 


If the simple equivalent circuits of Fig. 324 (b), (c) and 
(d) are compared with the actual circuit (a) it is seen that zp lies 
between A and K in the equivalent circuits and not A and HT+. This 
representation is poasible because the impedance of the HT supply to 
alternating voltages is very low, so that, as far as such voltages 
are concerned, the upper end of the load is connected to cathode, 


The fluctuating component of the anode current (Fige 324(a)) 
is -i1, i having the sign convention as shown in the figure. 


4 BIAS FOR AMPLIFIERS 


in using a valve as an amplifier, or for other purposes, 
it is common practice to use the current flowing through the valve, 
in conjunction with suitable circuits, to maintain the cathode at a 
fixed steady potential relative to the mean potential of the grid. 
The steady potential of the grid in the absence of any input voltage 
ia usually earth potential, since the grid is normally comected to 
earth by means of a grid-leak resistor Rg and isolated from steady 


potentials on previous circuits by means of a condenser C: (Fig. 325) 
If a succession of rectangular voltage pulses is applied to C and R 

in series, the time-constant C R_ being of suitable duration,a suc-® 
cession of rectangular pulses is°developed at the grid, havingthe same 
mean potential as the steady potential at the grid in the absence 
of the pulses. Assume that the succession of pulses at the grid of 
the amplifier is as shown in Fig. 326, The duration of each posi- 
tive-going pulse is T) and the repetition period of the pulses is To, 





Fig, 325 ~ Common input 
network. 





Pig, 326 - Choice of Bias (Input between 
grid and earth). 


T, being much larger thanT ,. Then if the cathode of the valve is at 
earth potential each positive-going pulse of voltage will carry the 
grid potential above that of the cathode end grid current will flow. 
This will introduce considerable distortion if the output impedance of 
the previous stage is at all large (see Chap, 9 Sec. 3). 


In thiz case, therefore, it is necessary to make the steady 
potential of the grid more negative than the steady cathode potential 
ieee a negative bias is required. The steady value of the cathode 
voltage should be chosen as illustrated in Fig. 326. If the succession 
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of rectengular pulses is inverse to that shown in Fig. 326, ise, the 
pulses are negative-zoing, it is not necessary, and inay be inadvisable, 
for tne valve to have an a»preciable negative grid bias. In this case a 
negative grid bias might lead to the negative-yoing pulses cutting off the 
valve current, 


If a negative grid bias is required it nay be obtained by allowing 
the current flowins through the valve to »ass through a resistor connected 
between the cathode and earth; 

(Fig. 327). The current in the 
valve varies with the potential 

at the grid, and unless negative 
feed-back for alternating currents 
is required (Sec.16) it is necessary 
to have a bypass condenser 

connected across the bias re~ ae 
sistor; (Fig. 327). The con- 

denser Cy charges so that the Vv; 
potential difference between its 

plates is R. w, where ZL 4s the 

mean current flowing through the 

bias resistor Ry, If the time- Pic. 327 - Use of cathode self- 
constant CE APH s the cone biasing circuit. 






SUPPLY 


denser cannot discharge appreci- 
ably within the repetition period 
t, of the apnlied pulses, and the cathode of the amplifier is maintained 


at a Steaay potential. 


The n@tn-d of using a cathode resistor in order to obtain negative 
grid bias has 1ts limitetions. Provided tne valve is operated over 
the linear portion of its dynanic characteristic, variation of signal 
amplitude Goes not affect the mean valve current and the bias there- 
fore remains constant. If the input voltage is allowed to vary over 
the curved portion of the characteristic, the -ean current and hence 
the plas are affected. This means that the bias varies with signal 
amnpii tude, Por Glass B or C operation, therefore, some other system 


of biasing snould be employed, 


A convenient 
method of biasing & 
valve beyond cut-off or 
on the curved portion of 
the dynamic character- 
istic is illustrated in 
Fig. 328 Provided By eH 

{ 


is small enougn the 
variations of current 
through the valve are 
small compared wrtn the 
current through Ry and 





Vs 





the bias remains approxi- Fig. 328 = Circuit Fig. 329 - Connection 
mately constant. The for class B or © providing small 
condenser O, smooths out biasing. positive bias. 


those fluctuations which 
still occur. 


Alternatively, the cathode biasing arrangenent may be dispensed 
with, and the grid leak connected to an additional source of negative 
potential. 2shough it is not always convenient to employ a separate 
bias supply voltage, this method has the advantage that the cias is 
independent of the amplifier valve current. 
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A few volts positive bias may be obtained by connecting 
the grid leak to the positive HT supply instead of to earth (Figs 329). 
The flow of grid current through Rg should be just sufficient to main- 
tain the grid voltage at the required bias level. For example, 
suppose the grid-current, grid-voltage conductance is 62 ain ; 
and the supply voltage is 250 volts. <A grid leak of 2MQ is just 
sufficient to ensure that the grid is maintained at +2¥ relative to 
cathode. The grid current is 124 pA, which develops across the 
grid leak 248 volts. , 


This type of biasing 
arrangement is suitable for the 
amplification of negative-going 
pulses. . 


In some circuits it 
is necessary for the mean level 
of the input voltage to be 
positive with respect to earth, 
although the bias developed be- 
tween grid and cathode may be 
zero or negative. Examples 
of this arise in current feed- 
pack ciroxits (Sece 16) and in 
the limiter circuits of Chap. 9 
Sec. 3e 


These are illustrated 
in Figs. 330 (a ) and (bd) 
respectively. The steady volt- 
age at B may be adjusted between 


Ro V; 
the values zero and ——- ; 
1. 





+ Re 
In the arrangement show in ) 
Fig. 331 the steady voltage at B 
can be adjusted so that it has — Fig. 330 ~ Arrangements for 
a walue either positive or - providing a positive mean level 
negative with respect to that of of input voltage with respect 
the cathode. to earth, ; 


Automatic bias 
(Slide-Back bias) may be 
provided by allowing grid 
current to flow into the 
coupling condenser in 
the input circuit of a 
valve anplifier, The 
condenser charges when 
the grid voltage is 
positive and, in the 
normal connection illu- 
strated in Fige 332 (a) 
discharges when the grid 
voltage is negative with 
respect to cathode. in 
the alternative circuit 
of Fige 332 (b), the 
condenser is discharging 
continually through the - Fig. 331 - Cireuit providing positive 
grid leak, the bias ad- or negative bias. 
justing itself so that the 
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more or less constant discharge rate is 
equal to the mean rate of charging. The 
principle of this process is dealt with 
more fully in Clamping Circuits, Chap. 12 
Sec. 2. It is also the principle of 
the Cumulative Grid Detector. Apart 
from its use as a clamping arrangement 

or az a detector this method of biasing 
is most commonly encountered in RF 

Power Amplifiers and Oscillators. In 
these circuits distortion introduced by 
grid current flow is not important, 

since that due to the use of class C 
biasing is in any case very consider- 
able, (This distortion is confined 

to the anode current and not to the 
output voltage since the anode circuit 

is normally highly selective and 
presents a low impedance to all but the 
first harmonic of the anode current). 

The principal. advantage in such an 
application is that if the amplitude na 
of the input voltage is reduced the b 
bias is automatically reduced due to (6) 
a decrease in grid current flow, 
This causes an increase in the Angle 
of Flow of anode * current so eae Pig. 332 — Slide-back 

the emplitude of the output voltage biasing circuits. 

suffers less reduction than it wuld 

if a fixed bias were employed. I+ 

is possible for the output amplitude 

actually to inorease as the i:1put 

amplitude is decreased, due t- this selfoompensating action. here 
this “Automatic Gain Control" action is detrimental to the action of 
the amplifier some other method of biasing must be employed. 








4s already pointed out, when slide-back biesing is used 
with Class C tuned emplifiers and oscillators the additional distortion 
produced by grid current flow is not normally important. However, 
there are occasions when the method is applied to resistance~loaded 
amplifiers and it may be necessary to reduce such distortion to a 
minimum, This can be arranged by ensuring that the output resistance 
of the circuit feeding the grid is sasll, and that the biasing con- 
denser and grid leak are large. If T] is the duration of grid 
current flow, Ty the period of the applied voltage, R, the output 


impedance of the grid input circuit, Ry the input resistance of the 
valve when grid current flows, Ry the grid leak and C the bias con- 
denser, the following conditions should hold if distortion is to be 
avoided :=< 


Ry >> Rg, Ry > Tp, O(Ry + Rs) PT,» (See Figs 333). 


The amount of bias depends on the ratio Ry o The 
Ry+Ryg 
larger the ratio the greater is the bias. 





* whe Angle of Flow is a measure of the duration of current 
flow in a valve during each cycle of a sinusoidal input voltage. 
Each period is represented by 360°, and the angle of flow is 360° for 
Class A, 180° for Class B and correspondingly less for Class C biasing). 
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If it ia 
desired to introduce 
distortion without 
oausing appreciable TIME CONSTANT 
slide-back, either 
a short time~constant 
a, may be used, pro- 


ducing the type of 
distortion considered 
in Chap. 2 Sec. 3, or 
elge the output re- 
sistance of the input 





cirewlt may be made TIME CONSTANT 
large whilst the = Rg 
ratio Ry is kept 
Ry+ R, 
as low as possible. Pig. 333 - Distortion of rectangular pulses 


The limiting action by grid current flow. 
introduced by this 
arrangement ia dis- 

cussed in Chap. 9 

See. 3. 


5. THE POTENTIAL OF THE SCREEN GRID OF A PENTODE USED AS AN AMPLIFIER 
‘Tt ds generally desired to maintain the soreen grid of 4 
pentode amplifier valve at a constant potential. If this potential 


were not constant but varied with alterations of current through the 
valve the amplification of the valve would be affected, 


HT 





Fig. 334 - Sereen supply circuit 
for class A operation, 





EQUIVALENT CIRCUIT 
FOR FLUCTUATING CURRENTS 


(b) 


Fig. 335 - Screen supply circuit 
fpr class B or C operation. 
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The simplest method of supplying the screen with a suitable 
sources of voltage is illustrated in Fig. 334. This suffers fram the 
disadvantage of the cathode automatic biasing arrangement, namely that 
with other than Class A operation the valve current varies with 
signal amplitude, causing the mean screen potential to rise as the 
amplitude of the input signal is reduced, For such conditions the 
arrangement of Fige 335 is to be preferred, 


The condenser in Figs. 334 and 335 is adequate for snooth- 
ing out the fluctuation in screen potential provided the time- ; 
constant of the decoupling circuit is large compared with the period 
of the input voltage. In Fig. 334% this time-constant is CR. In 
Fig. 335 the resistors Ri and Ro are effectively in parallel so far 
as fluctuating currents are concerned,as illustrated at (b), so that 
the effective time-constant is CR, Ro . 


RL + Bo 
6. ANODE DECOUPLING OF AMPLIFIERS 


It has so far been assumed that the HI supply circuit 
presente a negligible impedance to alternating currents. This is 
equivalent to the assumption that the time-constant of the supply is. 
very long, and is justified if the snoothing condenser in the power 
pack is sufficiently large. In practice the voltage across the HI 
supply circuit varies to a certain extent in response to fluctuations 
of current passing through this circuit. These fluctuations are 
present in the current passing through a valve and so pass to the 
HT supply. A fluctuating voltage is, therefore, developed across 
the HI supply circuit and.so is applied to other omplifier stages 
using this supply. This feedback of the fluctuating voltages is 
undesirable, as it may, particularly if applied to a high gain ampli-~ 
fier, cause continuous oscillations to be set up. 


The method which is usually adopted to avoid the feedback 
described above is to prevent the variations of anode currents of 
the emplifier valves from flowing through the HE supply circuit, by 
the use of an anode decoupling circuit. Figs 336 shows the anode 
decoupling circuit for one amplifier, the circuit consisting of a 
resistor R and condenser C. Provided the time-constent GR is long . 
compared with the period of the applied voltage, the potential of the 
point A does not change appreciably with variations of the applied 
voltage. The point A is maintained at steady potential R[> below 


ET level where i, is the steady anode current of the valve about 
which the fluctuations of current cocur. The introduction of the 
decoupling circuit necessitates an increase of HI potential by an 
amount ® a if the mean anode potential is to resaain the same as it 


Was without the decoupling circuit. 


Where a very onsiderable degree of decoupling is required 
it is usval to eaploy two or more C-R networks in cascade as show in 
Mg. 337. By this arrangement a high degree of sacothing may be 
achiewed without the use of prohibitively large resistors or condensers. 
Wor exemple, suppose that it is necessary to prevent more than 1% of 
the walve current fluctuations from reaching the supply circuits. - 
This may be provided by a single circuit with time-constant T, say. 

The seme effect may be obtained by the use of two circuits in cascade, 
each having a time-constent T_, so that maller resistors and con-- 
10 


densers may be employed, 
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Fig. 336 - sa Fig, 337 - Decoupling networks 
e " in cascade, 


7. MILLER EFFECT 


If a triode is operating in an amplifier circuit the 
interlectrode capacitance Cg, of the valve between grid and anode 


provides coupling between the output and input circuits. This 
coupling affects the input admitiance of the valve, the precise 
effect depending upon the type of load present in the output circuit, 

Fig. 338 (2) shows a typical amplifier circuit, the 
interelectrode capacitances between grid and anode and between grid 
and cathode being denoted by Cy, and Cgk respectively. 


The voltage across Cga, as shom in the equivalent 
circuit of Fig. 338 (b) has an alternating component 


V4 Vy = V4 m mvs 
= vy (1-2), 
Hence the current i) through Cg_ is given by 
iy = jwlga - vy (1 - a). 
The current ip through Cp, is given by 
‘Lo = jot gk V5° 
Henoe the totel input current i, is given by 


iy = sory [ak + (2 +m) Coe. / 


The input admittance is therefore 
ai. = jody, + juc 1l-m 
yi = a" 3 ‘gk J ‘ge. ( ), 
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If @ is the phase displacement between the grid and anode voltages, 
the voltage enplification m can be expressed in the form 


m= im (cos @+ j sin @) 
where jm| is the magnitude of the amplification. 
Hence the input edaittance can be expressed as 
Vz = July + juCyy (L + imicos © - 3 im sin 0) 
=wO,, mi sin® + J (wOgy +©Cz_ (1 - im cos @)) 





Pig. 338 ~- Miller BPtect. 


Provided the effective load (i.e. load impedance in parallel with stray 
and interlectrode capacitance) of the amplifier is purely resistive, 
the grid and anode voltages are approximately anti-phase and hence 
@ s= 180°. Under these circumstances the input admittance is a 
capacitive susceptance of value 


WC, + WOgy (L+ im ). 
Consequently the effective input capacitance of the valve is equal to 
Coe + One (l+ im ). 


For a pentode C,, is very smali (less than Q*5 per cent of 
Coy)s Consequently the effective input capacitance of a pentode 


x 


employed in an emplifying circuit is likely to be considerably smaller 
than that of a triode (C,. +: Cgx) in spite of larger values of m 
corresponding to the pentode, and of the additional capacitance introduced 
_ between grid and screen, Coss 
If the load of an amplifier is inductive @ is greater than 
180° and less than 270°. Hence sin @ and cos @ are negative and’ the 
input admittance is due to a negative conductance (oC. imi sin @ ) 


and a capacitance susceptance (wo, + Wy, ( 1 = Im cos @ )). 


In-the case of a valve employed in an EF amplifier circuit 
the anode load usmlly consists of a tuned circuit. For some fre- 
quencies off resonance this load is inductive; consequently the input 
conductance is negative and regeneration is likely to occur,possibly 
leading to continuous oscillations. Ifa triode is 
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used, Cog, and hence the value of the negative conductance, is large. 
Normally if a triode is used in an RF amplifier circuit neutralisation 
of the effect due to feedback via Cya is necessary. Neutralisation 
may be performed if a voltage in the output circuit, equal in amplitude 
and anti-phase ‘to the anode voltage, is impressed on the grid of the 
valve through a capacitance approximately equal to Cya- Fige 339 
shows a cirouwlt employing neutralisation. 


HT 
HT 









NEUTRALISING 


CONDENSER NEUTRALISING 


colt oe 


Pig. 339 - Neutralising Pig. 340 ~ Neutralising 
circuit used in Power cirevit used in Radio 
amplifiers. Receivers. 


Alternatively, if a coil of suitable inductance is 
connected between anode and grid so that it forms with Coe a parallel 


circuit resonant at the frequency of operation, negligible feedback 
occurs; (Figs 340). 


é If the load of the amplifier is capacitive, @ is greater 
then 90° and less than 180°. Hence sin @ is positive, Under these 
circumstances the input conductance (oC,, imi sin @) is positive, and 


demping is introduced into the input circuit of the amplifier. 
8. RF AMPLIFICATION 


The applications of RF amplifiers to the problems of radio 
reception are dealt with in Chap. 16, Here we are concerned only with 
the types of amplifying cirovits which may be used, 


These circuits are 
essentially the seme whether 
used in the IF or RF stages 
of a receiver, the chief 
factor in design being the | 
ratio of the bandwidth to the 


imi 


mid-frequency. The ideal 
euplification-frequency and ., | tn =f 
phase-frequency character- Ban 

istios for such an amplifier PHASE SHIFT 


are illustrated in Fig. 341. 
Throughout the required band 
of frequencies, the empldie 00000 | 
fication should be uniform 
and any phase~shift in- 
troduced should be proportion- 





al to f - f,, where f is the _{j— ———— 
frequency end f, the mid- 
frequency of the band, Fig, 3h] - Idealised Characteristics 
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For amplifying RF pulses of about one microesecond duration the band- 
width ig usually of the order of 2-4. Mc/s, whilst the mid-frequency may 
have any value from 9 Mc/s to 600 Mc/s. Amplification at frequencies 
higher than this is not normally attempted. 


The most usual type of circuit is the simple tuned amplifier 
arrangement , illustrated in Fig. 342 (a). “ The equivalent circuit 
is shown at (b). 


op is the dynamic resistance of the tuned circuit at 
resonance (Pige 342 (c)). 


1Rp is the equivalent dynamic resistance of the amplifier 
load circuit, consisting of Ra» oRpand Ry in parallel. 


“aw 
It follows that at resonance the amplification 32 is 
Vi 
equal to Gp 1p, 


The amplification at frequencies other than the resonant 
frequency is proportional to the impedance of the resultant circuit 
(Fig. 342 (b)) and follows the normal response curve for a parallel 
tuned circuit, The selectivity, or Q for this curve is Qy» and is 
related to Q, of the undamped tuned circuit by the equation 


“a &. 
vp ook 
Ve EVIE, 





(a) 


“Gm ve A 
G 





Fig, 32 - RF. amplifier circuit. 
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For amplifiers with bandwidth exceeding about 1 Mc/s the input 
capacitance of ihe succeeding stage together with the self-capacitance of 
the EF coil rrom 2es sufficient capacitance for resonance. At such frequencies 
Permeability Turang may be employed. This consists of inserting a movable core 
either of cvppe. o: of powdered iron. The eddy currents set up in the copper 
reduce the effective inductence of the tuned circuit. The high permeavility of 
the iron core, powdered to prevent losses due to eddy currents, increases the 


effective inductance. 


At frequencies of the order of 200 Mc/s and upwards lumped 
ImC circuits are often replaced by tumed lines, usually coaxial with 
plunger tuming., At frequencies above about 30 Mc/s the input re- 
aistance of a velve amplifier is mmell, so that the equivalent circuit 
of Fig. 342 (4) ia shomted by the low input resistance of the suc- 
ceeding stage. Normally Ry and oRp (Fige 342\(c)) are of the order 
of 1M and 100 K.. respectively; Ry is usually only a few 
thousand olms, this fact by itself accounting for wide bandwidth ond 
low gain. The low value of the input resistance further heightens 
this effect, This resistance decreases with frequency (see Sec. 25) 
so that the higher the frequency the wider is the bandwidth and the 
lower the gain. 


At lower frequencies where the input resistance is not 
important, higher gains can be achieved by the use of an RF choke in 
place of Roe 


An alternative circuit 
for an RF amplifier is the series- 
fed arrangement shown in Fige 343. 
In the absence of a low input 
resistance, higher amplification 
can be obtained fran this circuit 
that from that of Fige 342 (a) 
since Ry is normally much greater 
than Ry 

Because of the heavy 
demping of the tuned circuit at 
high frequencies it is essential 
to use a valve with a large 
mutual conductance if appreciable = 
amplification is to be provided, Fig, 343 - Alternative (series- 
Practical values for the G, of fed) RF. amplifier circuit. 


typical RF pentodes are 6°5 mi/V 
(C¥1091) and 8-5 ma/V (C1065). 


Substantially uniform 
amplification and linear phase~ 
shift over s wide band of 
frequencies is often obtained by 
bani-cass coupling: Tuc. 34h; 
(See also Chap. 1 Sec.o; }. If 
the resonant frequencies of the 
two turned clrevits are e7ual the 
pase band is determined by cle v 
coefficient of coupling, 





In some cases double- 
tuned transformers ere employed, 
the circuit ap earing as in 
Fige 344, but primary and second- Fig, 344 - Band-pass Circuit. 
ary clruits being tunea to 
differert frequencies on either 
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side of the mid-frequency of the amplification band. The coupling in 
this case is not so tight as that for the former circuit, and some 
loss of amplification occurs. The advantage lies in ease of adjust- 
ment, since with less tight coupling the~tuning of primary and second- 
ary circuits is less interdependent. 


A common type of circuit arrangement consists of several 
pairs of stages using single tuned circuits, each stage of a pair being 
tuned to a frequency differing from the mid-frequency by an emount 
equal. but in the opposite direction to the other. Such an arrange- 

ment is known as Staggered Tuning. Thus with five stages where the. 
intermediate frequency is 7 Mc/s, the first and third stages might be 
tuned to 5°5 Mc/s, the second and fourth to 8°6 Mc/s and the fifth to 
7 Mc/s. The overall response curve then indicates uniform amplifi- 
a ae linear phase-shift over a frequency band of about 3 Mo/s. 
Fige 345 


: In general, for 
a given number of stages 

employing single tuned 

cirouits it is much more 

economical to obtain the 

necessary bandwidth by means ameiirication 
of staggered tuning than by 
resistive damping alone, 
the latter arrangement 
resulting in very low gain, 
and the response curve 
being fer from ideal. 

For ease of lining-up the 
smplifier, i.e., adjust- 
ment of the various tuned 
olrouits, it is preferable 
that all the stages should : 
be tuned to the same fre- Fig. 345 - Response curve: staggered 
quency. Staggered tuning tuning. 

is next in order of 

simplicity, and the use of 

dovble-tuned transformers 

or tightly coupled circuits is still more complicated, due to inter~ 
action between primary end secondary circuits. 


UEREO“FREQUENCY AMPLIFICATION 
9e Generel Considerations 


In a normal broadcasting receiver it Sei 
postedetector amplification as Audio-Frequenoy amplification, since 
the signal to be amplified oan be analysed into Fourier 
with frequencies in the audible range from 50 o/s to about 4000 sie 
The detected signal of a radar receiver, on the other hand, normally 
consists of a train of rectangular pulses of short duration (1 to 3/us) 
and with a repetition frequency of the order of 400 to 4000 o/s. 





MIDFREQUENCY e 


Fourier analysis shows that a succession of rectangular 
pulses can be considered as consisting of sinusoidal componerits cover~ 
ing a renge of frequencies which in theory is infinite. In practice, 
frequencies up to a few megacycles only are important, and higher 
components may be ignored. Signal voltages resolvable into components 
within this range of frequencies are also common in television practice, 
and since they constitute the intelligence which mes to make the 
picture they are usually referred to as Video-Frequency signals in 
contrast to the Audio-Frequency signals of sound~reproduoing systems. 
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This norenclature has been carried over to radar, and the emplification 
of voltage pulses is referred to as Video-Frequency Amplification. 


A video-frequency amplifier should provide uniform amplification 
with phase-shift proportional to frequency for voltages of frequencies up to 
several megacycles. It is difficult in practice to avoid frequency and phase 
distortion in such an amplifier, and, as discussed below, it is necessary to 
be content with low gain in order to obtain a satisfactory responce. 


It is usual for a video-frequency amplifier to have a 
resistive load, since this has, theoretically, uniform response to 
all frequencies. In practice stray capacitance in parallel with the 
resistance may interfere with the performance. 


Amplitude distortion is always present in amplifiers, al~ 
though it can be reduced in magnitude by careful circuit design. 
Some video-frequency amplifiers are operated under such conditions 
that non-linear portions of the valve characteristics are used delibe— 
rately. (See Chap. 9). 


10. The Amplification of an Instantaneous Change of Voltage 


If an instantaneous change of voltage (Fig. 346 (a)) is 
applied te the grid of a valve, which is biased so that it operates 
on the linear part of its dynamic characteristic, (assuming the load 
to be purely resistive, as show in Pig. 347), then the anode current 
in the valve varies in a manner similar to that of the applied voltage 


(Fige 346 (b)). 


“ 
0 Lt 


dq (PURELY RESISTIVE LOAD) 


° 
Va (PURELY RESISTIVE LOAD) 


tee 


° t 


Vat (ALLOWING FOR EFFECT OF STRAY CAPACITANCE) 


TIME -CONS TANT 
Re R. 
cask * £ 








Rat Re 





°o 


Fig. 347 ~ Video-frequency 


Pig. 346 - Effect of stray amplifier. 
capacitance on output voltage. 


The variation of anode potential is exactly inverse to that of the anode 
current (Fig. 346 (c)). In fact, however, there aré usually stray 
capacitances between anode and earth, so that the anode load consists 
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effectively of a resistor and condenser in parallel (Fig. 348). 


The equivalent circuit of the amplifier showm in Fig. 348(a) 
is given at (b). To consider the response of this circuit to an 
instantaneous change vz of the input voltage between grid and cathode 
we rearrange this in the constant-voltage form as show in Pig. 348(c) 
(See Chap. 1 Sec. 21 ). ‘The response of this circuit to on instant- 
aneous change of witage has already been dealt with in Chape 2. In 
this case the effective 
generator voltage is 
- G Ry vis where Rj. 


= Fa Ry ; and the 

Ra + Ry 
response is showm din Fig. 
346 (co). The time-constant 
of the exponential change 
of witage at the anode is 


Cok Ry 






Con Va=VotMs 


The change of M 
anode potential correse 
ponds more and more closely 
to the change of grid 
potential as the time- is 
constant C,, Ry is dimin- (9) 
ished, by reducing either ~Gmv; 

Ry or the capacitance C,). 
Reduction of Ry, however, 
results in a decrease in 
amplification. 


os 
Vv 





If the output (b) 
from valve 1 (Fig. 349 (a)) 
is applied to valve 2 : 
through a capacitance C and 
‘resistance Rg» with Cox 
representing the input “Sm af 
capacitance of valve 2, 
then the equivalent circuit 
for valve 1 has the form (c) 
shown in Fig. 349 (b). The 
voltage % produced across 
the circuit between 9G and 
earth is applied to the grid 
of valve 2. Since the 
current through the circuit 


changes very rapidly (ideally 
instantaneously) the condenser C, which is assumed to have a capacitance 


large compared with the stray capacitances, can neither charge nor 
discharge appreciably. Therefore, so far as rapid changes in the 
circuit are concerned, the effective equivalent circuit is as shown in 
Fige 349 (c). The voltage Vo falls exponentially by an amount 


ue aie ° Gn V5 ? 


Ry +R, 


Fig. 348 - Effect of stray capacitance 
on video-freljuency amplification. 


with a time-constant 
R, Rk 
1 “sg 
(Cak + Cox) 7 


Ry, +k 
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In practice, the 
capacitance Cr 


is usually such 
greater than C,y © 


and ig therefore 
the controlling 
factor in this 
time-constant. 

C_., is assumed to 


include any in- 
put capacitance 
of waive 2 aris- 
ing from the 
Miller effect 
(Sec. 7). The 
condenser C now 
discharges ex- 
ponentially 
through Ry and 
Ry, in series 


(Fig. 349 (b)) 
with time- 


constant 

o(R, + R,) until 
the total fall 
in anode volt 
becomes Ry Gy Vs0 


-Meanwhile the grid 
voltage rises 
towerds zero, The 
total changes of 
voltage at the anode 
of valve 1 and the 
grid of valve 2 

are illustrated in 
Pige 350. 


If Cc is 
not very large com- 
pared with Core these 
tWo capacitances 
have a potential 
dividing effect, and 
the amplitude of the 
initial fall in 
voltage at the grid 
of the second valve 
' is reduced, 

(See Chap. 2 Sec,5). 
This is likely to 
ocour only when a 
short time-constant 
coupling circuit 

is used for the 
purpose of dis- 
torting the pulse- 
shape. 
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(a) 





VALVE | ¥ VALVE 2 


-G Qj c 





(b) 





Fig. 349 ~ Two-stage video-frequency 
amplifier, 
Vg 


(a) 


mie CONSTANT 
are F (Cant Cgh) 





TIME CONSTANT 
C(Rg +R) (b) 


Wg 





aR (Cak+@gk) 


(c) 


Fig. 350 ~ Effect of stray and coupling 
capacitances on video-frequency 
amplification. 
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- a = video-frequency amplifier 
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Rit 9 t 


POTENTIAL CHANGE AT :A_DUE TO FALL OF 
INPUT VOLTAGE AT END OF PULSE. 


(c) 


Ya 





a2 a Zo 
RESULTANT VOLTAGE AT JA 


(d) 


ll. The Amplification of a Rectangular Voltage Pulse 


The response of a video-frequency amplifier to a rectanguler 
voltage pulse applied between grid and cathode may be found by con- 
sidering the effect of applying a sudden change of voltage followed 
after an interval by another sudden change of equal amplitude but of 
opposite polarity. 


If the pulse shown in Fige 551 (a) is applied to the 
circuit shown in Fige 349 the resultant changes in potential at the 
anode of valve 1 and the grid of valve 2 are as shown in Figs. 351 
and 352 respectively. The waveform of Fig. 351 (d) is obtained by 
adding to the initial potential of the anode of valve 1 the changes of 
potentiel at the anode due in turn to the negative-going and positive~ 
going changes illustrated in Fig. 3551 (b) and (c). The waveform of 
Fige 352 (c) is obtained by adding to the initial potential of the 
grid of valve 2, the potential changes of the grid due in turn to the 
re and positive-going changes illustrated in Fig. 352 (a) 
and (b). 


The time-constant *g Ry (Cy, + Cyy) determines the rates of 
Ry * Ry 
rise and fall of the output pulse, whilst the time-constant C. (Ry+ Ry) 
determines the constancy of the output voltage during the period of 
the pulse. The potential produced at the grid of valve 2 approximates 
most closely in form to the potential applied to the grid of valve 1 
if the time-constant C(R, + Re) is very long compared with the duration 
Ry « R 
of the input pulse and if the time-constant oS (Sate + C.) is 
Rg + Ry 
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TIME CONSTANT 

¢ (Rit Rg) 
° 

TIME CONSTANT) 


Ri Rg 
RrRg Okt ce) 


POTENTIAL CHANGE AT 2G DUE TO RISE OF 
INPUT VOLTAGE AT BEGINNING OF PULSE 





VOLTAGE (a) 
TIME CONSTANT cin woe 
Ri Re ac C(RitRg 
AeA rokt Cok) 
° t 


POTENTIAL CHANGE AT 2G DUE TO FALL OF 
INPUT VOLTAGE AT END OF PULSE 


(b) 







TIME CONSTANT 


R) Rg 
aang (cok +Cgk) 












TIME CONSTANT C(Ri+Rg) 


RESULTANT VOLTAGE AT 2G 
(c) 


Fig. 352 - Response produced at the grid of valve 
2 by rectangular pulse at grid of valve 1. 


very short compared with the duration of the input pulse. It is 
assumed, as is normally the oase, that C > Cone 


The pulse developsd between the grid and cathode of valve 2 
is in the opposite sense to that applied between the grid and cathodes 
of valve 1, This corresponds to the change of phase of 180° obtained 
when a sinusoidal voltage is amplified by a valve with a purely resist- 
ive load, 


The amplification of the applied voltage pulee by valve 1 
is 


G, . Ry R 
R + RB, 
Generally, R, is made large compared with R so that the total 
amplification is approximtely G, . Ri, or, with a pentode, G, By, 
since Ry>> By. 
The amplification of the circuit as a whole is increased 
R By ; 
by increasing Rys but if this is done the time—constant 3 “a a (Sk + Spx) 
& 


is increased so that the rise and fall of the output pulse 
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(2) v Fig. 353 - Use of compensating 
—Sm Vy, 1A coil in anode circuit, 





are less rapid. For example suppose Ry o> Ros and Co + OC, = 20 pF, 


If the rise or fall of the output pulse is to be completed in i Ps: 
10 


then 5 x (time-oonstent of rise or fall of output voltage) ga Psi 
10 


dete, 
5. Bg BL (Oye + Oy) & iL_ ps 
& 
or 5 R 20 10 2? <i .20;° 
* 1 e e io 
therefore R < 1000 ohms 


or in the case of a pentode Ry < 1000 ohns. 


For a pentode of mutual cdeductance 4 mi/volt the amplification G, Ry 
cannot be greater than 0°00 x 1000 = 4. 


For a given value of Ry , the rise and fall of the output 
pulse can be made more rapid by introducing a cojl of inductance L in 
series with the anode load resistor as shown in Fig. 353 (a). The 
equivalent circuit for rapid changes of voltage is then as shown in 
Pigs 353 (uv). If Ry and Rg are large compared with Ry , the circuit 
of Fig. 353 (b) approximates to that of Fig. 353 (c). The circuit 
may act as an over-damped "ringing circuit". If L is suitably chosen 
the response of the anode circuit when shook excited by a sudden change 
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of valve current is 
more rapid than that 
of a circuit consist- 
ing of Ry and (Cok + 
Coie) alone. 


(See Chap. 1, Sec. 21). 


If the S60 SS 
condition 
ay, (Cue + Opie) 


is satisfied, it can 
be show that the time iV 
taken for the output 

pulse to rise or fall 


is aE Ry (Car + Cox), 


compared with ° 
5 Re (Cox + Cox) for 

the circuit without 

the coil. Figs 354 

shows the fall of 

anode .voltage, com-~ 





t 


pared with that of Fig, 354 - Effect of compensa ting coil 
the uncompensated in anode circuit, 
circuit. 

If the 


rise or fall of the 

output pulse is to be 

complete in 1 > 
10 i 


then 
Re R o 2 PF = L_ 
oe: i 7 
Hence, Ry = 5000 ohms approximately , 
2 
and L «= 3 Ry (o,, + Coo) = a 


For a pentode of mutml conductance 4 mA/volt the amplification G, Ry 
in equal to 0-004 . 5000 = 20, 


The addition, therefore, of a coil of amall inductance in 
series with the anode load of a pulse amplifier allows the amplification 
of the circuit to be increased without loss of steepness of the rise 
und fall of the output pulse. 
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12. The Frequency Spectrum Approach to Video-Frequency Amplification 


The response of a video-frequency amplifier to voltage pulses 
may be calculated by means of methods discussed in Chap. 16 Sec, 1. 
The Frequency Spectrum of the input voltage is found by harmonic 
analysis, and then the effect of the amplifier circuit on the phase and 
smplitude of the camponents at the various frequencies is calculated. 


The mathematical technique involved is complicated. 


It is, however, 


comparatively simple to discover the conditions which produce dis- 
tortion even if the determination of the exact form of the output volt~ 
age is difficult. 


The variation of amplification and phase-shift with Fre- 


for the circuit of Fige 349 (a), shown in its equivalent form 


at (b), may in general be formed by dividing the frequency range into 


quen 
three parts. 

(2) 

(44) 

(444) 


Over the mid- 
frequency region the 
ahurit susceptance 
w( Cy, + Cue) is 
sufficiently mall 
and the series sus- 
ceptance WC suf- 
ficiently large to 
be negligible in 
comparison with the 
conductancese . 
Hence the equivalent 
circuit takes the 
form shown in 

Pige 355 (a). 


At’ high frequencies 
the series sus~ 
ceptance is still 
negligible but the 
ahunt susceptance 
isa comparable with 
the condustance;(b). 


At low frequencies 
the shunt suscept- 
ance is negligibly 
mall, but the 
series suscept=- 





MEDIUM FREQUENCIES 


Gm VE 


» OE 


HIGH FREQUENCIES 


Gnu SF 


(c) 





Low FREQUENCIES 


Fig, 355 - Equivalent cironits 
for video-frequency amplifier. 


ance is comparable with the conductance ;(c). 


At mediun frequencies the amplification is 


Ry OR 
Ry, +R, 


and the phase-shift by which the input leads the output is 180°, 


At high frequencies the amplification is approximately Gy Ry Rg 


Ry +R, 


cos J, and the phase-shift is 180° + %, » Where J, is given by 


tan %, = 


Ry R 


R, +R 
1m "2 


og 


nn 


Gigi eta 


(Cox + Coe) a 
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For example, the input leads the output by 225° where w = 
R 
ce 
so that tan f, = 1. 


BB, (Sak + Sek) 


= 
The amplification is /2 times that at medium frequencies, represent~ 
ing a reduction in voltage gain by 3 db, 





At low frequencies the amplification is approximately ile a a - COS &p 
and the phase-shift is 180°- Dy where fyis given by 2, + Be 
t 
tan by Sem 1 
oO (my + By) 





For example, the input leads the output by 135° when w = 
c(R, + R,) 
so that tan {j= 1, As before, the amplification is—L_. times that 
v2 
at medium frequencies, The overall amplification-frequency and phase- 
frequency characteristics for a typical video-frequency amplifier are 
shown in Pig. 356, plotted to a logarithmic frequency scale, 


AMPLIFICATION 


PHASE SHIFT | 


LOG 
FREQUENCY 





Pig. 356 - Amplification and phase shift characteristics for 
a video-frequency amplifier. 


13. The Use of Pentodes in Video-Frequency Amplification. 


Pentodes are normally preferred to triodes in video-fre- 
quency amplifiers because of the greater amplification obtainable, 


This is due to the fact that R,, which eamis “@ "/, can be 

Ba + Ry 
made much larger for a pentode with an R, of the order of megohms, 
than for a triode, for which R, is a few thousand ohms, The time- 


constant for rapid changes in anode voltage is thereby made larger by 
the increase in Rj. However, a pentode nommally has a smaller input 


capacitance than a triode, so that when two stages of amplification are 
considered the inorease in the time-constant due to the larger value 
of Ry for the first stage is offset by the reduction in. input capaci- 


tance of the second stage, Thus the use of pentodes enables greater 
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amplification to be obtained without an increase of distortion, con— 
pared with that due to triodes,. 


NEGATIVE FEEDBACK AMPLIFICATION 


14. General Principles 


A feedback amplifier is one in which a fraction, or all, 
of the output voltage or current of an amplifier is fed back via a 
coupling network to the input circuit of the amplifier, 


Consider the case of an undistorting amplifier, with a 
feedback network which also produces no distortion. The feedback is 
termed positive if the magnitude of the input voltage is increased, 
and negative if it is decreased by the feedback connection, In both 
cases the properties of the amplifier are modified as regards ampli- 
fication, input and output impedances and distortion. 


In general, some fom of distortion is invariably produced 
either by the emplifier or by the feedback network, and it is con- 
venient to consider the nature of the feedback for sinusoidal input 
voltages at various frequencies. Usually over some range of fre- 
quencies the fed-back voltage is largely in quadrature with the input, 
whilst it is possible for positive feedback (regeneration) to occur in 
a@ circuit in which negative feedback predominates over the principal 


frequency range. 


Suppose a sinu- 
soidal voltage v, is applied 
to the input terminals (1) 


and (2) of the smplifier 3 
shown in Fig. 357s Let Vi i i AMPLIFIER 
be the wltage developed : ° 
between terminals (3) and 

NETWORK 
is fed back to the input, 
the voltage vi is given by 


(4). Ifmis the emplifi- 
Vg +P, and the output vp Fig. 357 - Schematic diagram showing 
feedback. 


eation of the amplifier 
alone, the output voltage 
produced by this input is 
m (v, + B¥,)- 


Vo is equal to m vy. 
Therefore m(v, +$v,) = 









o 
Since a fraction p of vy 





Yo 


1 Stn 


In general m andf are both complex, amplification with and. without 
feedback being accompanied by phase-shift whigh varies with frequency. 
In the particular case where 6 and m are real, as, for example where 

the feedback network is resistive and the amplifier is a video-frequency 
amplifier operating over its mid-frequency range, we may deduce simple 
expressions for the overall. amplification and the effect on amplitude 
distortion. 


ceecedeesrsecevecéesesee (a) 
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In such a case, equation 1 gives 


Oo x mn 





— (where m is negative) ..ccccsessceeee(2) 
Vs 1 -fm 


For negative feedback ( 1s positive and the anplification is reduced in 
the ratio 1 3 If m is very large (2) may be written 





i -fm ‘ 
“os 1 where 1 is negligible compared with#. 
Va L - 7p Bi) 
m 
Hence 
Vv ° ea 
2 = i dv'edis'e he'ssice bao seeeeese tees eeveceeesee (3) 
< B 
It follows that if 1 is negligible compared with Ps the amplification 
m 


Gependa only on 3 and is practically independent ofthe amplification 
preduced by the amplifier itself, without feedback, In other words, 
the output voltage is substantially independent of the characteristics 
of the valve, The result is obtained only at the expense of 
amplification. 


For example, suppose a pentode amplifier, with an amplifi- 
cation of 500 (without feedback) is used with a feedback circuit having 


perth. 
20 
Then m =-500 so that Yo = =500 
Ys 1 = (5) (-500) 


"2% 


= = 19.2 


S21, 


Without feedback it would not be possible to maintain a uniform 
amplification over the whole of the useful portion of the dynamic 
characteristic, since m would vary considerably in practice. With 
feedback quite large variations in m may ‘be permitted, the overall 
amplification remaining approximately equal tol . 

FP 


In generai, provided m is large and a suitable value for # 
is chosen, amplitude distortion can be made negligible by the use of 
negative feedback. 


It is usual to distinguish between two types of negative 
feedback, viz, voltage and current feedback, In the former the voltage 
fed back is proportional to the voltage developed across the amplifier 
load, whereas in the latter it is proportional to the current delivered 
to the load. Whilst these produce similar effects for a constant re- . 
sistive load, they react in different ways to non-resistive or changing 
loads. 
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15. Voltage feedback (Parallel Feedback 


The simplest way of achieving voltage feedback is to connect, 
in parallel with the load Ry of an amplifier, « potentiometer consisting 
of two resistors of values Ry and Ro. These resistances should be 
large so that the effective value of the load Ry is not modified, and 
they should be connected in series with a pamies supply of steady 
voltage so that the mean positive potential of the anode is offset end 
the grid of the amplifier valve suitably biased. Fige 358 shows the 
circuit srrangement. The feedback voltage is taken from the junction 
of the two resistors Rl and R2 and is in series with the applied volt- 
BZe Vago 


The feedback constant p is given by 
—2__ 
Ry + Ro 
and the voltage fed back will be 180° out-of~phase with the applied 


voltage if the load Rg is purely resistive. Therefore, if the load 
is purely resistive and 1 is negligible compared with 6 » the output 


mm 
voltage depends entirely on R, and Rp and is quite independent of 
valve characteristics, supply variations, and the magnitude of Ry « 
The eaplification is substantially independent of the frequency of the 
sinusoidal components of the input voltage, and negligible phase shift 
is introduced into the output. ; 


The effect of the 
feedback connection on the 
valve performance may be 
considered by replacing the 
amplifier, with feedback, 
by an equivalent valve 
amplifier without feedback, 
having the seme anode load 
but with valve constants 
Ga Ps and F, in place of 
Gas ps and Rage These are ree 
defined as follows. If COMPONENT, 
4,2 Vg and vy are corres = °M'")— Po 
ponding small changes in 
anode current, input voltage 
and anode voltage 
respectively, 






(ALTERNATING 
yy. COMPONENT 
9 ONLY) : 


—_— 


=_ 
~VE VOLTAGE ¥ 


Fig. 358 - Voltage feedback circuit. 


Ga = ta, where anode voltage is constant ; 


Pe- Yo , where anode current is constant; 


v 
8 


Ra 


Yo » Where input voltage is constant. 
* ; 


From Fig. 358, the mall change Sv, in feedback voltage is in series 
with v, so that the small change vy in grid voltage is given by 
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Vs = Vg +PVy Seiiebcueaves sores se gieeesaussesnse CD 


if the enode current is constant, i, is zero and vo = - 2% 


zo A (Vy + BV¥g)> 
we Yo (+ MP) == pr, 


“+ M* 2 = b 
1+ mp, 


If the anode voltage is constant, Vo is zero and so, therefore, is 
BY Hence from (4) Vs = Vas and Grn = da = aa = Gn evece (6) 
Vg Vi 


eeoveenaeveeesseervscne (5) 





Since A= G, Rg, A = Gy RB, and Gy = G,, it follows that 


ae ans 

X. B D Ae 

i.s@s R =Ra ererreoceosererereecereeeres (7) 
L+ AP 


Hence the amplifier with valve 
constants G), Pp» Rg, and with 


a feedback factor f behaves like 
an amplifier without feedback (a) 
but with constants G@, 


1 +p 
ea Es . Since A is 
1 +p 


positive for negative feed- 
back P < /? end Ra< Ry 








both being reduced by a (b) 
factor Ll ° 


1 +p 


The equivalent 
circuit is shown in Fig. 359 - Equivalent circuits 
Fige 359 (a). for voltage feedback amplifier. 





In practice it is not possible to make the load purely 
resistive since there is always some capacitance C,), between the anode 


and cathode of the amplifier, The equivalent circuit, incorporating 
this capacitance, is shown in Fig. 359 (b). 


The time-constant of this circuit is Sak Ry Ra 7 
Hat Re SER 
If, as for a pentode, Ry >> Ry» this reduces to Cok Re : 

I+ Gap Ry 
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This reduction in the output 
time-corstant increases the 
fidelity with which sudden changes 
of input witage are reproduced 
at the output. This is illust- 
rated in Fig. 360. For exemple, 
with a pentode amplifier having 
G, = 4m, Rg = 25,000 2 
and. fp = i the time—constant 

‘ 0 
is reduced by a factor 

1 





1 + 0°004 . O°1 . 25,000 


by the use of voltage feed~ 
back. To obtain this result 
the amplification has been 
reduced in the same ratio. 


In the circuit so 
far considered the feedback 
network has not discriminated 
between different frequencies. 
It is often required that feed~ 
back should occur for signals 
within some range of fre~ 
quencies but not for signals 
outside this range. The 
cemmonest instance of this 


Seot.15 


% 








Va (WITH FEED BACK) 








TIME~ CONSTANT CafRE 


Gm BRE 


° eb 


Vey CMITHOUT FEED BACK) 


time-constant Caf RZ 


at 





° 


Pig. 360 - Effect of voltage 
feedback on response of output 
cirenit, 


arises when it is not necessary to consider the amplification of steady 


voltages. 


In this case a large blocking condenser can be introduced 


in series with the feedback potentiometer, as showmm in Fig. 361 (a), 
and the negative bias for the control grid may be provided by a ~ 


cathode biasing circuit as indicated. 


This obviates the necessity 


for providing an additional negative supply voltage to offset the 


anode voltage. 


A circuit which emplifies alternating voltages without. 
feedback but which, owing to negative feedback, provides very little 
amplification of steady voltages, is illustrated in Fige 361 (b). 


The condenser C which is effectively in parallel with 


for alter~ 


nating voltages bypasses current fluctuations so that except for 
very low frequencies the fraction ® of the output voltage which is 


fed baek to the input is small, 


frequencies, in quadrature with v,. 
Ro is made large so that the amplification, 


° a + Ro 
approximately 1 , is small. 


Also this fractionfv, is, at high 


For steady voltages the fraction 


So far we have ignored the problem of applying the voltage 


to the input circuit of the valtage feedback amplifier. 


Since 


v 
this voltage is applied between terminals neither of which is at a 
fixed potential relative to earth it cannot be obtained direct from 
a generator having one terminal earthed, One method of overcoming 
the difficulty is to use a transformer, as shown in Fig. 362. 


The use of a transformer tends to introduce ‘phase and 


trequency distortion into the input voltage, and its use may 


be 


avoided by arranging the circuit as shown in Fig. 363 (a). The equi- 
in 


valent network showing how the voltages are added is 
R* is the output resistance of the generator, to-~- 


Fige 363 (b). 


given 


gether with any additional series resistance which may be re,sired. 
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— 
v 


CIRCUIT PROVIDING FEEDBACK FOR 
ALTERNATING VOLTAGES ONLY 


(2) 





NEGATIVE VOLTAGE 
CIRCUIT PROVIDING FEEDBACK AT 
LOW FREQUENCIES ONLY 

(b) 


Fig. 361 - Circuit providing 
feedback (a) ‘for alternating 
voltages only and (b) at low 
frequencies only. 


The voltage v, developed across R 





is given by 
= 
Vv, = io 
Be ee Dn te 
= a oe 
If we write lL +17 
ROR, Ro 
v.= v' Ry Ro 
1 mere ence ria RE 
R! iRy + Ro) 
= Vy + BY 93 
where P = Rg > 


Ry + Ry 


& 





ey 





Pig. 362 ~ Voltage feedback: 
Transformer input circuit, 






Vo 
ALTERNATING 
COMPONENT ONLY 


{b) 
Fig, 363 - Voltage feedback: 
adding network. 


use of 


and applied between grid and cathode 


(See Chap. 1 Sec. 12 ). 


= l_, this reduces to 
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a 
and %e= Ry Ro 


R' (BR, +B) 


Thus this adding network produces the effect of the arrangement of 
Fig. 358 without introducing any special problems arising fran earth- 
ing the generatore 


16. Gurent Feedback (Series Feedback) 


To provide negative feedback proportional to the output 
eurrent it ia usual to include'a resistor in the cathode circuit of 
the valve as in Fig. 364 (a). An increase of current through the 
resistor Re resulting from a rise of grid voltage causes the cathode 
voltage also to rise, The effective input voltage developed between 
the -grid and cathode is there- 
fore reduced, i.¢., the resistor 
gives rise to negative feedback, Seay 

As for voltage feed= 
back we shall consider the 
effect of the feedback arrange~ 
ment in terms of the equivalent 
amplifier having the same snode 
load and input and output 
voltages, but with valve con- 
stants G, MM, and Ras 





ONLY ALTERNATING 
COMPONENTS OF 
VOLTAGE ARE 
INDICATED 


The feedback fraction 
fF» is given by 


pe oot Sas 
Rp + Rp 
Let i,, v, and ‘S represent 


corresponding small changes in Pig, 364 ~- Current feedback 
anode current, input voltage, amplifier, 

and anode-cathode voltage res= 

pectively. The feedback volt- 

age vp is then equal to Rp i,, so that the voltage vj developed 


between grid and cathode is given by 


=v, - Rp i, POT HSCH HHA HET H HOHE HOE HOR OE OSES (8) 


If the anode-cathode wltage is constant, v, is zero and i, = G, V5, 
= Gn, - Re a) esee fron (8). 


Hence i, (1 + G Rp) = G v, 


and Ga '= tn = 
Vg L+G. Rp 


POSS HOHSHHT SSeS SEHSHTCEEESOD (9) 
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If the anode current is constant, i, is zero and so, therefore, is 
Vee Hence, 


from (8), v, = v,; and # z-‘o =~-Yo = esseeecerereee (10) 
Vs Vs 
Since MeG Rs P= & Ras end = A; 
Ra Se 
4.4. 
== 1+ 
a ee 


Leee Ro = Ra (2 + G, Re) SCSHSHSHCSHS EHH SHHHEHHHHO SHEE CEE (12) 


Hence the amplifier with valve constants G,, ~P and Ro and with a 
feedback resistor Re behaves like an amplifier without feedback but 
with constants _ Gn MRL (14+G@,R 
NT ATE a Gy re 
L+G, Rp 

Gn < Gp and i, 7 R,, the one being reduced, and the other increased, 
by the factor (1+G, Rp). The equivalent cirouit is shom'in 
Pige 364 (b). 

In this circuit we are interested not only in the voltages 
developed between anode and cathode, but also in the voltages between 
anode and earth and between cathode and earth since, in various 


applications, any of these may be used as output voltages. These 
will be denoted by v\, av and xv respectively. From Fig. 364(d) 


we obtain 
R 
Yo = L + Rp ‘ (~ Ps) 
Rg (1 + G, Rp) + By + Re 
Re + 
= see rice « (- 4) 
Ha * ARp + Ry + Re 
R + 
ES ea He) 
Ri + Ro + (A +1) Be 
Provided -- is large so that /¥®e is much greater than the other terms 
in the denominator, we have 


v, a= Ry + Rp 
ae 


. -B ‘ 


Hence m = Yo. = -_ L CRS emer eH ererenervesereserreeeere (12) 
Vs ‘ Pp 
Since Vp = Re v 
Ry + Re 


= (1 - f )v, COTS ROCHE HEHEH ERT HERS HO TEH ES EOEHEOE (13) 
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we deduce that 


Vs p 
Similerly, K¥o = “PY, 
v, 
be - A(- a) 
80 that 
K’o = iL PROSOHSHHTSSH TAH EDP OTHEEEHE OCH T SOBER SYUOOEHE (14) 
¥ 


In the case of current feedback the increase in the output 
resistance of the valve, and hence in the output resistance of the 
amplifier, increases the effect of stray capacitance in paralid. with 
the anode load. The increase in the output time—constant can be off~ 
set by the addition of a suitabse capacitance in parallel with Rp, 
thereby increasing the high-frequency response. 


Where the amplifier has a choke load instead of a resistor, 
&g, for instance, in a circuit for producing magnetic deflection 
currents for a ORT, the increase in the output resistance of the 
valve due to current feedback is an advantage since it reduces the 
time~constant of the output circuit. 


In the above consideration of current feedback we have 
assumed that the valve is a triode. If a pentode is used two points 
should be noted. The screen grid should normally be decoupled to 
cathode and not to earth, otherwise the effective screen potential 
varies and the emplification is reduced. Also the current through 

the cathode feedback resistor consists of screen,as well as anode, 
current. If the variations in screen current are neglected the 
effect will be the sanie as if the resistor Rp were assumed to have a 
value larger than it actually has. 


In all cases of current feedback difficulties arise if the 
cathode potential is allowed to differ substantially from that of 
earth, with the possibility of insulation breakdown between cathode 
‘and heaters. This difficulty may be overcame by using special 
heater windings carefully insulated from earth, 


17. Bies for Feedback Amplifiers 


Where no blocking condenser is inserted in the feedback 
network, an amplifier employing negative voltage feedback nomally 
requires a large negative bias to offset the positive potential at the 
anode. This may be provided either by a separate negative supply 
ox by means of a cathode bias resistor, suitably deooupled. 


If a blocking condenser is used the bias required is no 
different from that needed by an ordinary amplifier. 


The steady voltage developed by the direct current of the 
valve through the cathode feedback resistor automatically provides a 
bias voltage for a current feedback amplifier, This bias may be just 
sufficient to ensure that the walve is operated over the desired 
portion of its dynamic characteristic, but generally is either too 
large or too mali. 
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Fige 365 (a) illustrates the case in which the mean feed~ 
bagk voltage Rp ig, where i, is the mean anode current, is just suf- 


ficient to provide the correct bias, 

Fige 365 (b) shows the use of an additional cathode bias 
resistor Ry suitably by-passed, for the case in which Re T, is not 
large enough to provide the correct ‘bias. 





Fig, 365 = Current Feedback: biasing arrangements. 


In the arrangement of Fig. 365 (c) Rp ig provides more bias 

than is necessary. A point on Re is chosen at which the mean potential, 

i, below cathode potential, has the correct value, and the lower end 
of the grid leak is connected to this point. If the output impedance 
of the generator feeding the grid circuit is large enough to be com- 
parable with R,, additional feedback to the grid circuit will occur 
due to this ent. This effect may be substantially eliminated 
by the insertion of a decoupling condenser C connected to the lower 
end of the grid leak (d). The additional resistor Ris necessary to 
provide the steady voltage connection but must be of sufficiently large 
value to prevent the lower portion of Rp from being bypassed. 


The network of Pige 365 (e) may be used to provide any 
degree of negative bias irrespective of the size of the feedback 
resistor. This method is not econaaical if a large bias is required, 


Sometimes voltage end current feedback are used in the same 
valve circuit. By this method the output voltage and current can 
both be made substantially independent of valve characteristics. No 
additional biasing problems sre introduced if the voltage feedback net- 
work contains a blocking condenser. 


Fige 366 (a) Lllustrates the simple case in which voltage 
and current feedback both operate for steady as well as alternating 
voltages. The voltage Bp i; is just sufficient to offset the positive 


voltage at the grid due to the feedback potentiometer, and to provide 
the correct bias. 
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In the circuit of 
Fig. 366 (b} feedback occurs for very 
low frequencies only, The condenser 
C ensures that alternating input 


HT 


voltages are effectively developed R, 
between grid and cathode so that no 
appreciable feedback occurs, R., is f=) 
& Oo 
comiected to a suitable biasing R 
point on Re. ¢ 
(a) + 


Fig. 366 - Biasing arrangements 
for circuits using combined 
current and voltage feedback, 





THE CATHODE FOLLOWER 


18. The Properties of a Cathode Follower’. (b) 


In this type of current feedback amplifier the outptt is 
taken from the cathode circuit and there is no anode load, The output 
is the voltage developed across the cathode load by the fluctuating 
component of the cathode ourrent, which in a triode is the same as 
tnat of the anode current. The presence of negative current feéd- 
back causes the cathode follower to have the following main properties. 


(1) A voltage amplification which may be approximately 
equal to, but is always leas than, unity. 


(2) A low output resistance. 
(3) A small input capacitance. 


Fig. 367 (a) shows a typical cathode follower circuit. A resistor 
may be included in the anode circuit to ensure that there is the 
correct steady potential on the anode for normal operating conditions, 
but this resistor is usually vy-passed to earth by means of a large 
condenser so that there are no fluctuations of anode potential. 


The response of the cathode follower circuit to alternating 
voltages may be derived from the results of Sec. 16, or may be obtained 
independently in the following manner. 


Fige 367 (b) shows an equivalent circuit for the arrange- 
ment of Fig. 367 (a). Prom (a) we obtain vy = vg - Vo, whilst fran 


(b) 
Yo =- Rp . (- Pi) 
Re + R, 
RE 
Rp + R, 








-p wv, = Vo)+ 
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1.6 (Rp + Ry) = Rp Ye - Re Vo- 


Hence v, = _/u_ Fe Vs, 
Bat (ee + Re 






() ( ONLY ALTERNATING 
COMPONENTS OF 
VOLTAGE ARE 
INDICATED. ) 

(b) 





(c) 





Pig. 367 - Cathode follower. 


Writing pp Gp Ra, and dividing mmerator’ and denominator by Rg Rp, 
we obtain 


Yo =» “2 @eovececorsensecseceoncesees (15) 
—_ + Ga b me 
a 


If Rp and R, are both much greater than Lin »% = Vg 


Equation (15) shows that the equivalent circuit may be 
drawn as indicated in Fig. 367 (c). Since G, is normally a few 


milliamps per volt whereas Ra is seweral thousand ohms the output 
resistance of the cathode follower presented to the load Rp is approxi~ 
mately 1 , with a value equal to a few hundred ohms. This is very 


much less than the output resistance of a conventional emplifier, ant 
is of a value suitable for matching to a cable or to an artificial line, 
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Since the output resistance of the circuit is mall, the 
time~constant due to stray capacitance C in parallel with the load is 
also small so that there is less likelihood of distortion from this 
cause than in a normal amplifier. If, however, the rate of change 
of input voltage is rapid enough, the presence of capacitance in the 
output circuit prevents the cathode voltage from following that of 
the grid instantaneously, This may cause grid current to flow if 
the input is positive~going, or may cut off the valve current if it 
is negative-going. In the latter case the output resistance of the 
valve becomes infinite and the output time-oonstant of the circuit 
becomes CRp. 


As an example, consider,a triode valve operating as a 
cathode follower under the following conditions. 


Slope of dynamic characteristic = 2 m/v 
Maximum value of grid-cathode voltage = 0 volts 
Minimum value of grid-cathode voltage = ~10 valts 
Meximum value of anode current = 22 mA 


Cathode feedback resistor 10 kn 


Assuming linearity, the minimm value of the anode current is 22 = 
2.10 ma =2mA. For this value, the grid-cathode voltage is -10 
volts and the cathode-earth voltage is 10,000 . 0°002 = 20V. 


When the grid-cathode voltage is zero, the anode current is 22 mA and 
the cathode~earth voltage ig 10,000 . 0°022 = 220V. 


Hence the output voltage varies from 20 to 220 volts while the input 
varies from 10 to 220 volts. 


The mean grid-cathode voltage is ~5 volts, and if the 
bias is obtained by connecting the grid leak to a point on the cathode 
feedback resistor, the connection should be made at a point approxi- 
mately 4000hms from the cathode. Since the mean anode current is 
ee = 12 mA, the bies is then -0-012, 400 *= -5V. 


If in bhis example the grid voltage were allowed to exceed 
220 volts grid current would flow even if the output time-constant 
were zero. If the grid voltage were allowed to fall below 10 volts 
the valve would operate over the lower bend of the dynemic character~ 
istic and the anode current might possibly be cut off. 


The relative unimportance of Miller effect in a cathode 
follower; causing it to present a much smaller input capacitance than 
that of a similar valve in an ordinary amplifier circuit,will now be 
considered, The relevant interelectrode capacitances are shown in 
Fig. 368 (a) and the equivalent circuit is given in Fig.368 (b). 
Since the anode is at earth potential so far as alternating voltages 
are concerned, Coe is in effect across the input terminals. By an 


analysis similar to that adopted in Sec. 7, for the circuit of Fig. 
338, we obtain 


yz =WOy im sing + 50/ Ca + Coae(2 - Im cos of 
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If the 
effective load of the 
cathode follower is 
purely resistive the 
cathode and grid 
voltages are in phase 
so that 9 = 0. The 
input admittanoe is 
then a capacitive 
susceptance of value 


w[Cga + yy, (2 - m)] 
Consequently the’ 
effective input capa- 
citance of the cir« (@) 
cuit is eqml to 
Coa + Cor (1 - m). 
Since m == 1, this 
normally reduces to 
Cy. Even if the 
load impedance is 
not purely resistive, 
the maximum value 
which the input capa- 
citance can acquire 






-------- (ONLY ALTERNATING 
COMPONENTS OF 
VOLTAGE ARE 
INDICATED ) 





is Coa + Coxe 

The input con- : 7 ffect thode 
ductance, when the load Fig. 368 ea Pena ee 
is not purely resistive : 
is given by 


weyy im| sin @. 


If the effective load is inductive, sin 9 is positive and 
the input conductance has a demping effect on the input circuit, If 
the effective load is capacitive, sin @ is negative and the circuit is 
regenerative; this condition may give rise to continuous oscillations. 


19. Applications of a Cathode Follower 


Because the output resistance of a cathode follower is 
normally much lower than that of a conventional amplifier, the cathode 
follower is useful for feeding voltages into a relatively low impedance 
load such as that presented at video~frequencies by the input capacit- 
ance of a coaxial cable. Such a cable is often used for carrying 
voltage pulses from one part of a radar equipment to another. 


A cathode follower circuit is also useful for driving a 
non-linear circuit, to minimise the distortion due to this non-linearity. 
A typical example of a non-linear circuit is the input circuit of an 
amplifier in which grid current flows for part of the time. The input 
resistance, i.¢., the resistance between grid and cathode of an 
amplifier, is usually of a high value, but if grid current flows, is 
considerably reduced. If an amplifis: is fed from the output of a 
cathode follower the input resistance of the amplifier shunts the ovt- 
put resistance of the cathode follower (constant current circuit, 

Fige 367 (c)}. However, since the output resistance of the cathode 
follower is usually very small, the effect when the input resistance 

of the amplifier changes from a high to a lower value is not large. 
Consequently the amount of distortion introduced by non-linearity of 
the input circuit of the amplifier is small. An additional advantage, 
under the circumstances described above, is that the cathode of the 
cathode follc-er can often be directly connected tu the grid of the 
amplifier, since the steady voltage at the cathode is usually of a low 
value. If this arrangement is possible, the use of a coupling condenser 
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and grid ieak resistor, usually essential in the input circuit of an 
amplifier, is avoided, If there is no coupling condenser or grid 
leak resistor, the possibly undesirable effects of slide~back bias dus 
to grid current are avoided. Another common instance of the use of 
a cathode follower to avoid distortion due to a non-linear load 

arises in feeding the deflector plates of a CRT when deflector plate 
current flows.” 


If it is required to feed the output of an amplifier into 
& load circuit which has a large input capacitance a cathode follower 
is particularly useful, The output from the emplifier is taken to 
the input circuit of the cathode follower, and the output of the 
cathode follower is fed to the load, The mall input capacitance of 
the cathode follower is in shunt with the output of the amplifier so 
that the time-constent is small and the potential of the anode of the 
emplifier (and of the grid of the cathode follower) can change rapidly. 


The output resistance of the cathode follower is in shunt 
with the input capacitance of the load, so that the output time-constant 
also is small and the load voltage can change rapidly. A cathode 
follower used in this way may be regarded as an impedance transformer, 
ieee, the input circuit presents a high impedance whilst the output 
circuit presents a low impedance, 


Since it can be arranged that the cathode potential of a 
cathode follower rises to almost the same value as the grid potential, 
it is poasible to connect the grid of the cathode follower directly to 
a point at a high positive potential, without causing grid current to 
flow. This meens that the use of a coupling condenser ond grid leak 
resistor may be avoided. A cathode follower may, therefore, be 
connected across a circuit, the operation of which would be upset by 
a résistive loading. For example, suppose that a condenser is charged 
through a constant-current device so that the voltage across the con- 
denser rises linearly with time. If there is resistance in parallel 
with the condenser this linearity is affected. <A direct-coupled 
cathode follower may be used to transfer the linear voltage change 
acréss the condenser to another part of the circuit, since it does not 
appreciably shunt the condenser with resistance; (Fige 369). 


HT 
HT. 





CONSTANT DEFLECTING PLATES 


CURRENT 
DEVICE 


OUTPUT 


Fig. 369 - Use of direct- Fig. 370 - Use of a, direct-cgupled 
coupled cathode follower to cathode follower to minimise 
minimise loading on a time-base loading on a potentiometer, 
generator. 


It is often necessary to arrange that the potential on the 
slider of a potentiometer (Fig. 370) varies linearly with the position 
of the slider, This cannot happen if there is shunt resistance between 
the slider and one or other of the ends of the potentiometer. If, 
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however, the slider is directly coupled to the grid of a cathode 
follower, the voltage of the cathode of this valve varies linearly 
with the position of the slider on the potentiometer. In Fig. 370 
the cathode of the cathode follower is show to be directly connected 
‘to a deflecting plate of a cathode ray tube. This arrangement makes 
it possible to apply to the deflector plate a shift potential which 
varies linearly with the position of the slider on the potentiometer. 


20, THE CATHODE INPUT (OR GROUNDED GRID) AMPLIFIER 


The Cathode Input Amplifier is complementary to the 
eathode follower and is, therefore, considered at this point. An 
important feature of this circuit is its low input resistance, which 
makes it suitable for terminating a long cable to which it may be 
matched, The same property makes the circuit useful as an RF 
amplifier, since it helps to prevent regeneration, The circuit has 
the comparatively high output resistance of a normal amplifier. 


The circuit arrangement is shown in Fig. 371 (a). 


This circuit differs 

from that of a normal amplifier 
- in that the negative HT supply ONLY ALTERNATING COMPONENTS 
the valve instead of t0 the cathode "= "CATED 
so that the anode current flows 
through the input cirovit. The (9) 
grid is normally earthed, and the 
input voltage is applied to the 
cathode, The anode and cathode Vi 
voltages are in phase, since when’ | 
the cathode voltage is reduced the 

current through the valve increases > 
and the anode voltage falls also, 






HT 





Fig. 371 (b) shows an 
equivalent circuit. The result- 
ant EM? in the circuit is 
- (+1) v, so that the output 
voltage developed across Ry is 
given by 








Yao Ry (A+ 1) vy 
R, + Ry 
; ak 
and the amplification by (C) x a a 
v, Cc 


asTos - (ote, %| seCpa hs 
¥E Ra + Rg | 


The emplification is slightly 
greater than that due to a normal Fig. 371 - Cathode input 


amplifier using the same valve amplifier, 
and anode load. 


The alternating camponent i, of the anode current is given 


b 
- pe) +1) Vi 


ig = 
Ra +R 
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Since this current flows through the input circuit, in phase with v,, 
the input resistance R,; of the amplifier is given by 


gp, = i . +R 
2 aq Mel * 


if a> Ry and ~u>i, this reduces to 


Ry a "ee 


The input circuit of a cathode input amplifier contributes 
towards the output power, the fraction supplied being = of the power 


derived from the HT supply. This makes the circuit particularly 
useful as a power amplifier, 


Miller effect is of little importance since it occurs 
through feedback via C,, and this capacitance is usually very small. . 
(Fig. 371 (c)), This fact embles triodes to be used without 
neutralising. Since the input resistance of the amplifier in any 
case is small, the current fed back from the output circuit via C,, 


must be very large before regeneration occurs, 


PARAPHASE AMPLIFIERS 


21, General 


The purpose of a Para- 
phase Amplifier is to amplify an 
unbalanced input voltage so as to PRIMARY SECONDARY 
produce a balanced output (See 
Chap, 3 Sec 1), This could be 
accomplished by means of a trans- 


former with the primary winding BALANCED 
earthed at one end and the INPUT OUTPUT 
secondary winding earthed at — 


its electrical centre, as 

illustrated in Fig, 372, Since 

the design of transformers for he 
undistorted pulse amplification v 
is camplicated the employment of 


a paraphase amplifier is normally Fig. 372 - Transfonner 
preferable, Single-valve and used for paraphase 
two-valve amplifiers are operation, 

described, 


22, Single-Valve Paraphase Amplifiers 


The simplest type of paraphh se amplifier employs a single 


valve, the input for which is a fraction 2, of the available applied 
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voltage. This 
fraction is amplified 
Im] times, and inverted, 
So that the output 
voltage is equal to 
the applied voltage 
and of opposite 
polarity, Fig. 373 
shows the cirouit 
arrangement, 


The potentioneter 
formed by Ry and Rp 


provides the fraction 





a = et of the Fig. 373 = Simple one-valve paraphase 
m| R + Bo amplifier, 


applied voltage Vege 


The condensers C and cy elimimte the steady components applied and 
ouput voltages respectively, so that both v, and v, have a mean value 
zero and Vo = = Vas 


Distortion of the input voltage due to input capacitance 
C, my be minimised by adding capacitance between the grid and the 


point P (Fig. 373) so that the time-constants of both portions of ths 
potentiometer are equal, 


One disadvantage of’ this circuit is that any variation ir 
the valve characteristics or supply voltages affects the valve 
amplification and unbelances the outputs, The amplifier my be m+ 
linear and stable by introduding negative feedback, The simplest 
way of achieving this is by the introduction of a resistor Re in th: 


cathode cireuit (Fig. 374). Ifa pentode is used in this circuit, 

the inequality Letween corresponding changes of anode and cathode 
currents mikes the balance dependent on the ratio between these currents 
being constant, A triode cannot always be used, in place of the 
pentode, oWing to the larger input capacitance due to Miller effect, 
Consequently it is advantageous to use voltage feedback, In the 
cirenit shown in Fig, 375, the voltage feedback is introduced by means 
of a potentiometer, consisting of the resistors Ry andR., The 


fraction of the input voltage which is actually applied to the valve 
is determined by the relative values of the resistors R' and Rye It 


is found that provided the ratio Z is smll and the amplification 


of the valve circuit is large then paraphase amplification is obtained 
when Rt = RR. 
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Fig. 37h - Paraphase amplifier Fig. 375 = Paraphase amplifier 
with current feedback, using voltage feedback, 
RK Ana 4s 


This circuit is essentially the same as that of Fig. 363(a). 
For that circuit we obtained in Sec, 15 the results 


Vi = ¥s *P%, 





where = eee ae 
: Ber,’ 
v' RL OR2 e 
"a R (Ry + Re) y Be 
and Ry = ot 
R 


In this case we ‘want % =- vt, 


Then, since v = mv,,.where m is the amplification of the valve (with- 
o 


i? 
out feedback), 


v, =m (%,-Rv") 


Leaovoem (SAF pet) 


=mvtp (hb -3), 
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Hence RL -~l=-+1 > , where m is negative. 
R! mp 


Provided - mB is very large, Aa = 1 for the output to be correctly 
Rt 


balanced, § is large provided Ry and R' are small compared with R_, 
80 that the condition R, = R' holds if the amplification is large and 


Ri: is mall. 
Rg 


An alternative method of obtaining a paraphase output, 
uaing a single valve,depends on the fact that in a valve with purely 
resistive anode and cathode loads the anode and cathode potentials 
wary in opposite phase, In the circuit shown in Fige 376 the anode and 
cathode loads are equal in value. In the absence of grid current 
flow, changes in valve current due to changes of input voltage produce 
equal voltage changes across the two equal loads. A paraphase output 
is, therefore, developed between the anode and-oathode of the valve, 


The circuit is a 
particular oase of an amplifier 
with current negative feedback, 
so that the amplification 
characteristics of the circuit 
are linear and stable. 


Since the potential 
change at the cathode cannot 
be greater than the change at 
the input, and is equel and 
opposite to the potential change 
at the anode, the overall 
emplification of the stage is 
not greater than 2. 





Pig. 376 - Paraphase amplifier 
The output resistance using current feedback, 

of the valve when viewed from 

the anode is different from 

that viewed from the cathode. When stray capacitances are considered 

the time-—constants of anode and cathode circuits are generally 

different so that when the input signal consists of pulses the dis- 

tortion is different in the two outputs. 


; Fige 376 shows the valve as a triode, There is no 
serious disadvantage in using a triode, since, though Miller affect 
is present, that part of the input admittance, which is due to the 
grid~anode interelectrode capacitance, is not large since the ampli- 
fication is small, so that, like the cathode follower, the circuit 
has a small input capacitance. If a pentode is used the resistance 
of the cathode load has to be made somewhat smaller than thet of the 
anode load since the change of cathode current for a given change of 
applied voltage is somewhat larger than the corresponding change of 
anode curr ente - 


*** analysis 


The results (12), (13) and (14) of Sec. 16 give approximate 
values for the amplification of the circuit of Fig. 376 if Ry is made 
equal to Rp, This makes ped so that mm <2, The analysis of 

2 e 


Sec, 16 gives the exact value as 
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man Al OE ait id » 80 that the emplification 
Ra + (A. + 2) By 
produced at each output is 
Pe ° 
R, + (pvt 2) Ry 


23 _Two-Velve Paraphase Amplifiers 


In the single-valve paraphase amplifiers described in 
Sac, 22, the valve acts as a phase reverser, but in no case does the 
magnitude of each output voltage exceed that of: the applied voltage. 
Jf a greater output is required in paraphase two valves may be used 
as desoribed below. 


The most obvious 
manner in which two valves 
may be used is by introduc 
ing, before the olroult of 
Fige 373, @ wingle stage of 
amplification. This 
arrangement gives the oir 
ouit show in Fig. 377. 

It is normal, though not 
essential, for the values 
of the anode load and of 
the mutual conductance of 
the second valve to be the 
seme as those of the first 
velve., Then, as shown in 
ar e in oan 

&- 373, the condition i J 
for a paraphase output is Pigs 37 ciate unscintars an 


R 
oe 


where mis the amplification of ench valve oirovwit. Each of the 
euplifying stages introauces distortion as a result of the non-linearity 
of the walve characteriatios and as a result of interelectrode and 
atray capacitances, However, though the first stage may give as its 
output a distorted version of the input voltage, it is distortion 
introduced by the second stage which prevents perfect paraphase, The 
distortion introduced and the dependence of the circuit on valve 
characteristios can, of course, be reduced by using negative feedback 
in each of the emplifying stages, A condenser may also be introduced 
in parallel with resistor Ry) in order to avoid the distortion which 
would otherwise be introduced by the input capacitance of the second 
valve, as explained in Seo. 22. 


An amplifying stage may elao be introduced before the 
cirouit of Fig. 375. This type of cirouit is often knowm as the 
Floating Paraphase Amplifier, and is shown in Fig. 378. This first 
stage can be considered as a normal amplifier, though its amplification 
is modified by the network of resistors R', Rg and R, the input 
resistance of which is ir. parallel with the load resistor, This effect 
‘ds negligible provided the input resistance of the network is large | 
compared with the load resistance, In the second amplifier stage, 
the variations of potential of the point O provide the input voltage 
to the second valve, and these variations depend on the changes in 
potentisl at the ancdes of the two valves, which are antiphase, 
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Usually the resistor R' is 
made equal to the resistor 
Ry and it can be seen that 
perfect paraphase.is then 
impossible, since equal and 
opposite changes of 
potential at the two anodes 
produce zero variation of 
potential of the point 0, 
and,therefore, no input 
wo ltage to the second 
valve. In this arrangement 
the output from the second 
valve is less than that 
from the first valve 
just that amount ee Fig. 578 - Floating paraphase 
to produce at the point amplifier, 
0 variatiors which, after 
emplification, give the output from the second valve. As in the case 
discussed in Sec. 22, provided Rl is snall, end the amplification of 

: R 

g 

the second stage is large, the changes in potential at the two anodes 
can be regarded as equal in amplitude. There is negative voltage 
feedback operating on the second stage so that the operation of the 
second stage is stable, more or less independent of valve character- 
istics, and produces little distortion. 





The conditions for exact paraphase working are the same as 
those given in Sec. 22 for the circuit of Fige 375. 


_ A further method of obtaining a parapliase ‘output voltage 
is provided by the Cathode Inversion Circuit (or cathode-coupled para~ 
phase emplifier) shown in Fige 379 (a). It consists of two valves 
coupléd together by the common cathode resistor Rs, Which is usually 
of several. thousand ohms and is connected to a large constant negative 
potential ~ V. The values of the resistor Re and the potential -V 
(about ~200 volts) are adjusted so that in thé absence of any applied 
voltage the valves are both biased in Class A. The anode load 
resistors R, and Ro are usually made equal, The input voltage is 
applied between the grid of the first valve and earth, and the 
potential of the other grid is maintained constant, in this case at 
earth potential. 


Initially, if there is no applied voltage, both valves are 
biased by an amount equal to the difference between ~V and the volt- 
age developed across Rs by the flow of the combined valve ourrents. 


Consider an actual circuit with Rp =fko, and the 
slope of the dynamic characteristic of each Valve equal to 1 mA/volt. 
An increase of one mA through R5 raises the potertial of K by 5 volts, 
decreasing the cathode current of valve 2 by 5 mA. This must be 
accompanied by an increase of 6 mA in valve 1, due to an increase of 
6 volts between its grid and cathode, and therefore of 11 volts 
between its grid and earth. Thus any input voltage is distributed 
between the two valves in the ratio 6 : 5, so that with equal anode 
loads the circuit is unbalanced in this ratio. The larger the value 
of R, the more nearly balanced are the output voltages; at the same 
time’ the voltage -V must be made more negative so that the mean valve 


current is unchanged, 


; Since the grid base of either valve is unlikely to be more 
than about 15 volts, the change of potential at K is small compared 
with the voltage across Rs (100V to 200V). Hence the current through 
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Ry is approximately constant so that increases in the current of one 


valve are accompanied by approximately equal decreases in the current 
of the other, 


Instead of the lower end of Re being connected to a negative 


potential, bias may be provided for the grids by connecting them to a 
souree of constant positive potential. This is usually more cone 
venient, but considerably diminishes the effective HE voltage, de- 
veloped between the positive HT line and cathode, 


Since approximately 
half the input voltage is 
developed between the grid and 
cathode of each valve the 
overall amplification of the 
circuit is approximately the 
same as that for a single 
valve of the same type with 
the same anode load 
(Ry = Ro). 


The equivalent 
circuit for Fig. 379 (a) is 
.shom at (b). In this 
circuit v. = 4V¥s - 2¥i» 
where v,, is the applied 
witage and 4¥4i, 2v4 the 


input voltages between 
the grid and cathode of 
velves 1 and 2 respect- ; 
ively. Similarly 7v, (b) 

and 9V>o are the alter- 

Raelne capcnbaba of the Pig. 379 - slop P-ePenec a paraphass 
output voltages measured . 
between the anodes and 
earthe 





Analysis shows that the condition for true paraphase workir, 
assuming thet the valves have identical characteristics, is 


(p +1) @e-R) = ® 


R, + Re Bs 


Provided - >> 1 and R, © Ro, this gives 
Ro-R & 2 
Gn R,, 


Hence good paraphase working with R, = Rp is possible only if G, Re le 


On putting R, = Rp in the expressions for 1%o and 2% it may 


be show that the overall amplificationm= 1% ~- 2% . _ Rh 
Vs Ra + R 


as it would be for a single valve with the same cheracteristics and 
the same anode load as used for either valve in the paraphase circuit. 


The output voltages depend on the valve characteristics, no 
stabilising effect being introduced by the cathode load R5. Such an 
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effect can be obtained by the use of negative feedback separately for 
each of the valves. This may be achieved, for example, by introducing 
resistors Rz and R, as shown in Fig. 380. By applying a star—delta 
transformation (Chap.1, Sec.13) to the network formed by Rz, and Re 
the equivalent network formed by R¢, Ry. and Rg is obtained (Fig, 381). 





Fig. 380 - Cathode-coupled para- Fig. 381 ~ Cathode-coupled para- 
phase amplifier with current phase amplifier with current 
feedback (Y-network). feedback ( V -network). 


The relations between these networks may be written :- 


R + + R 


Rs 
R, = Rs R, + Ry, Bs + Bs Rs 


Rg = 


’ 


Ry, 
Rs 5 


This is a practical variant of the cathode inversion circuit. 


In practice the presence of stray capacitance across the 
output terminals, and from each anode to earth, effects the rapidity 
of response of the amplifier to rapidly changing input voltages. 

The output impedance of the circuit is comparable in magnitude with 
that of a normal amplifier using a valve and load similar to those of 
one amplifier of the paraphase circuit, so that the output time-~ 
constant is not substantially altered by the paraphase connection. 
This is not necesserily true if negative feedback is used, 


: The cathode inversion circuit may be used to supply a 
paraphase voltage change to a pair of deflecting plates of a cathode 
ray tube, and the output of the circuit can be taken direct to the 
plates without the inclusion of coupling condensers. In this case 
paraphase shift potentials can be obtained and varied in amplitude by 
alteration of the steady potential of the grid of the second valve, 
since this results in amplitude changes of steady potential in opposite 
directions at the anodes of the two valves. The use of a separate 
"shift" network is avoided, If a variable resistor is included in 
the cathode circuit, in series with R5, variation of the resistance 
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causes changes of potential in the same direction at the anodes of 

both valvese The variable resistor may, therefore, be used as a control 
to correct astignatic distortion of the cathode ray tube, If this 
cathode inversion cirmit is used to provide shift voltages and cor~ 
rection for astignatic distortion, the potential of the final anode of 
the cathode ray tube should normally be about the same as the mean 
potential of the anodes of the two valves. 


The cathode inversion amplifier may be used as a sum-and- - 
difference device and as such finds frequent application in control and 
computing circuits. 


Suppose that 
separate input voltages 
are applied to the grids 
of the two valves. Then 
the change of voltage de~ 
veloped between the two 
anodes is proportional to 
the difference between the 
input voltages, whilst 
the voltage developed at 
the eathode is proportion- | 1 
al to the sum of the two ---4----p-- 
input voltages. Thia 
assumes that the anode 
loads are equal and that 
the two valves have 1 
similar characteristics. 





CATHODE POTENTIAL OF BOTH VALVES 





ANODE POTENTIAL OF FIRST VALVE 





The cathode 
inversion circuit is 
often used to provide a 
paraphase output con= 
sisting of the result 





of adding two separate Fig. 382 - Use of a cathode-coupled 
input pulses occurring paraphase circuit as an adding 
at different times, (subtracting) device. 


Fige 382 shows the result 
of applying positive-going pulses at different instants to the grids 


of the two valves. 


LIMITATIONS OF THE USE OF VALVES AT HIGH FREQUENCIES 
2h. General 


Amplifier and oscillator circuits employing negative~grid 
valves operate efficiently at frequencies up to a few hundreds of 
megacycles. As the frequency is increased efficient operation is 
more difficult to obtain. At frequencies of 1000 Mc/s or more, the 
inherent difficulties are so great that amplification is not usually 
attempted, Further, at these frequencies negative-grid valves are in- 
efficient in oscillator circuits and special valves (ive. Magnetrons 
and Klystrons) are normally used as oscillators. 


The difficulties experienced with amplifier and oscillator 
circuits employing negative-grid valves at the higher frequencies may 
be considered as due to :- 


(i) the finite time required for electrons to traverse 
the valve (transit time), 


(44) limitations imposed by interelectrode and stray 
capacitance, inductance of valve leads and resistive 
and radiation losses. 
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25. Transit Time Effects 


in RF Amplifiers the most series consequence of a finite 
transit time is demping of the input circuit, At any frequency of 
operation there is at any instant, owing to the finite transit time, 
a difference in the number of electrons approaching and receding from 
the grid of the amplifier valve. The electrons forming the valve 
current at any instant induce a positive charge on the grid. If the 
grid voltage is increasing there is an excess of electrons approaching 
the grid, causing an increase of positive charge at the grid, i.e. 
there is a resultant current flowing into the grid from the external 
input circuit. If the grid voltage is decreasing there is an excess 
of electrons receding from the grid and this leads to a resultant 
current flow from the grid to the external circuit. Consequently an 
alternating current flows in the input circuit. At low frequencies 
of operation the transit time is small compared with the period of 
oscillation and the instant of zero grid current practically coincides 
with that of maximum grid voltage. The grid current leads the 
applied grid voltage by approximately 90° and there is practically no 
loss of power in the input circuit. There is however, a small 
inorease in the grid-cathode capacitance in the valve when a signal 
is applied to the grid; this is unlikely to be of practical import- 
ance. At higher frequencies of operation the phase angle between 
the applied voltage and grid current is reduced, since there is an 
appreciable lag between the application of the grid voltage and the 
corresponding flow of current in the valve. Consequently a resistive 
component is introduced into the input impedance of the valve so that 
there is a loss of power in the input cirouit. An approximate 
relation between the input resistance and transit time can be obtained 


as follows :- 
let the grid-cathode voltage variation be given by :- 
A 
Vg = Vg sinwt. 
IfT, = transit time of the cathode-grid space andT , = transit time 


of the grid-anode space the current flowing towards the grid is given 
by s- 


A 
Bor = Gn ‘yg ain w (t ~T,), 
while the current flowing from the grid is given by 
aA 
do = Ga Vg sin w (t ~Ty - T,)- 


Consequently an alternating grid current flows given by :- 
Ta 


A 
4 - i, = 2% Vg cos w(t - Ty - =f) sinw = 


1 
A 
= 2 G, Vy sinwse (coswt cos Ww (T, + =) 


+ sinWt.sinw(Ty + sf)). 


The magnitude of the component of current in phase with 
v_is given by :- 


A 2 
4, = 2% %g sin OTe sin o (T, + 78) 
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Whilst that of the current in quadrature with Vg is given by :- 
T= 2G, 4, sin OT ee a8 
o = 2 Gp Vg sin 2 cos © (Ty + 5%) 


If the ratio of each transit time to the period of operation is mall 
ice, ifwT, andwT, are small, 


A , “A 2 
1 G6 2 (Te + TR) 


A, A 
and 1, = Gm Vgw,T, si 


Hence the input resistance Ry is given by :~ 


Ry = + — 
Gn o2/T, Te + Te) 
2 


and the increased input ccpacitance whenthe amplifier is operating is 
given by :- 


Cy = Gy Tae 


The transit times are dependent on the linear dimensions of the valve 
and on the grid and anode voltages. The loss of power at the grid is 
used in inoreasing the mean electron velocity and appears as heat at 
the anode. The increase in input capacitance is small and can usually 
be neglected, However Ry, which damps the input tuned circuit, is 
inversely proportional to the square of the operating frequency, and 
hence the input oonductance is proportional to the square of the 
frequency. 


Consider the aase of an amplifier circuit, the valve of 
which is a CV1O91. The values of R, at different frequencies are 


100 ,000chns at 10 Mc/s 
4,0000m: at 50 Me/s 
2500ms at 200 Mc/s. 


Thus if the dynamic resistance of the input tumed circuit is, say, 
100k thé damping introduced is moderate at 10 Mc/s but prohibitive 
at 200 Mc/s unless special measures are taken, Hence, while damping 
of the input circuit is negligible at low frequencies it is consider- 
able at frequencies above about 50 Mc/s. 


Input damping can be reduced by decreasing the transit 
times; i.e. by reducing the spacing of the electrodes of the vaive, 
The electrode areas must also be reduced so that the interelectrode 
capacitances of the valves are not increased, Extremely small 
spacing is the main criterion of Acorn valves, but the percentage of 
rejects in manufacture is high, and other valves (CV1O91 and CV1065) 
with revner larger spacing are in general use, The grid-cathode 
transit time can be reduced by increasing the effective voltage at the 
grid. This means, however, that in order to maintain space~charge 
limitation, the emission density of the cathode must be high. 

Analysis shows that the cathode emission density required to ensure 
apace charge, limitation for.a given ratio of transit time to operating 
period is proportional to the cube of the operating frequency. 
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Typical figures are as follows :- 


If the transit time of the grid-cathode space must not be greater than 
a quarter of the operating period, then for a grid~cathode spacing of 
lum. the minimum current densities required et various frequencies are 


2x 1076 A/sq cn at 10 Mc/s 
250 x 1076 A/sq am at 50 Mc/s 
0-016 A/saq om at 200 Mc/s 

2 A/sqem at 1000 Mc/s. 


In a valve oscillator the phase difference between grid volt~- 
age and anode current due to an appreciable transit time makes it 
difficult to adjust the relative phases at anode and grid for efficient 
operation. This does not apply to a valve amplifier, in which anode 
and grid circuits are independent of each other, 


A further effect of transit time is an inorease in anode 
dissipation, This may be of importance in power amplifier and 
oscillator circuits, in which the output power is limited by permissib..e 
anode dissipation. The Door-Knob valve is designed to give useful 
power output at frequencies as high as 600 Mc/s. The electrode 
spacing is small, and 35 watts can be dissipated at the anode since 
it is fitted with three radiation fins and enclosed in a relatively 
large glass envelope (of door-knob shape). 


26. Circuit Limitations 


(4) Frequency Limitation 


The values of the interelectrode capacitances and of 
the inductance of the internal leads of a valve operating as an oscil- 
lator fix the upper limit of frequency. If, however, the valve leads 
form part of a trananission line system of totel length/, this 
frequency limitation is removed, For example, if the end of the 
transmission line is short-circuited, the resonant frequency of the 
circuit formed by the line and the interelectrode capacitance is given 
by 





ten 2nlr . 1 See Chap. 4 Sec, 1h. 
"'¢ 2nfc R for the effective 
inductance Ly ers 


where c= 3x10 10 ans/seo 
C = interelectrode capacitance 
Ro = characteristic resistance of ths line. 


Por a given frequency f the permissible length of the line 
can be increased by decreasing Roe Hence a valve designed for use 
with coaxial lines (which are of low characteristic impedance), and 
whose electrodes and leads inside the envelope are integral parts of 
the lines, can be used for operation at very high frequencies. 


In an oscillator the maintenance of continuous oscillations 
depends on the transference of energy from some source of power to a 
tuned circuit. In the case of a parallel tuned circuit fed with 
energy from a perallel negative-resistance source, the dynamic resist- 
ance of the tuned circuit must be greater than the magnitude of the 
negative resistance for oscillations to build up. The dynamic 
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resistance “a » Where R is the series resistance of the coil L, may be 


made large only if C is kept sufficiently small. Hence it is necessary 
to keep interelectrode and stray capacitances to a minimm. This is 
still true when resonant lines are used as tuned circuits, since 
normally the line acts as an inductive susceptance resonating with 
interelectrode and other unavoidable capacitances, 


The same problem does not arise in RF amplifiers above 
about 50 Mc/s since, owing to the high conductance of the input circuit 
due to transit time, cathode lead inductance, etc., the unavoidable 
resistance in parallel with the tuned circuits is much smaller than the 
undamped dynamic resistance of the latter. Since we may therefore 
neglect series damping owing to the low value of Rp, the parallel 
demping resistance, the Q of the total parallel circuit may be written 


v= k, /E- 


It may therefore be advantayeous to make C large in order 
L 


to make the cirouit sufficiently selective. 


(441) Input damping 


The inductance of the internal cathode lead of a valve, 
which forms part of the input circuit of an amplifier, may bring about 
damping of the input circuit. 


This inductive reactance in the cathode lead introduces 
feedback and modifies both input and output characteristics of the 
emplifier. In particular a component of the input current in phsse 
with the applied voltage is generated, thus adding to the input 
conductance of the amplifier, 


Pig. 383 shows the input circuit of an amplifier. An 
external voltage v; = ¥, sinwt is applied to the grid, and a voltage 


vz, is developed across the cathode-lead inductance Ly. The cathode 


current is the sum of i; andi, where i is the current through the 
grid-cathode capacitance C andi, 1s the space current of the valve. 


Assuming the valve to be a eantode in which the slope resistance is 
very large compared with the anode 
load, we may write 


in = Gy Vi ° 
It follows from the figure, that 


Vea Vt Yy, 3 
hence v, = vy + JO@L(is + Gn v4) 


or Vg = ~ ft + joL (4a - Gy Jy, | 
wd og" 





nt 
LeCe, 
2 Pig. 383 = Effect of Cathode 
va" 5g (Mb G+ 3 WC ~1)7 ° Lead Inductance. 
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Therefore the input admittanoe of the amplifier is given by 
i, oc GL & ~ 3 (2? uc ~ 17 
Vs WL Gy)* + (wete- 1 

Provided the operating frequency is not too high, then 


wo2 Le “K2 
and WIG, «1, 


and the real part of the admittance (i.e., the conductance G,,) ia 
given. by 
Gy = G w? Le, 


Thus the effeot is that of placing in parallel with the 
input a resistance 


Ry = 1 


G,w2 Le 

The input conductance Re is proportional to the mutual 
condustence and the square of the frequency just as the input con- 
dustance which results from transit time. The two effects are of she 
seme order of magnitude, and the separation of the two oauses is 
difficult. . 
Suppose, for exemple, that G = 5 mifvolt, C = 5 pF and L = 0°05 Au, 
and the frequency of operation f is such that 


w2ie<l 


and.wi G, «1. 
(0? Lo & 1 if £ SS 300 Mo/s andwL G, Sp 1 if f = 4000 Mo/s 7 


take f = 50 Mc/s. 


Then the value of Ry = 1 
' a a 
Q-005 . (21. 50. 10°). 4-05.10 BT 5.10 


= 8000. ohns. 


Since the pinch construction of supporting electrode leads 
in valves involves long leads, so that Lis large, a decided decrease 
of input conductance is obtained if such a construction is replaced 
by short ‘straight eleatrode leads mounted in a flat disc of glass. 
This latter type of base construction is used in the CV1091. A 
marked dearease of effective oathode lead inductance is obtained if 
such @ lead consists of multiple wires in perallel as in the 0/1136. 
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CHAPTER 8 
VALVE OSCILLATORS 
INTRODUCTION 
4. Uses of Valve Oscillators 


Oscillators sre required in radar for use in many ¢ifferent 
of circuits, to generate at frequencies which vary from about 4 o/s 
in Low-frequency switching circuits, tc upwards c? 10,000 Mos; 7.7. 
equipments. Low frequencies are usually generated by relaxation 
oscillators, such as multivibrators or blocking oscillators. 2x21. 
frequency generators, fron a few ko/s to 50 o/s, emalry tuned cir °°, 
usually of the “lumped” L-C type, with conventions’ valves. FL. 
50-500 Mc/s specially constructed triodes and pentodes are used, the 
tuneé circuits usually taking the form of lecher lines cr tuned 
lengths of coaxial cable; otherwise the circuit designs are essentially 
the same as for lower-frequemey generators, Above 500 Mo/s, novel 
valves which succeed because of transit-time effects, such as Mazgnetrons 
and Velocitytiodulated tubes of the Klystron type, replace valves of 
convertional design; tuned circuits, frequently in the form of cavity 
resonators, are wholly or partly Luilt into such valves. 


although this chapter considers the action of valve 
oscillators mainly from the aspect of CW operation, the results quoted 
are generally still apylicable when the oscillator is used as a trans- 
mitter in a pulce radar syste... The times taken for the RF pulse to 
build up and to die away are usually smail coapared with the interval 
during which steady oscillations are produced, so that analyses based 
on OW operation are justified, The shape end duration of the 
oscillator pulse has, hewever, ¢ very important bearing on receiver 
desisn. A harmonic analysis of the pulse reveals that a certain 
number of frequency components must be handled adequately by the 
oscillator output circuits if a good pulse shape is to be producec. 
The bandwidth involved is tered the Frequency Spread, For example 
a l microsecond pulse would in oractice have a frequency spread of at 
Least 2Mo/s, This would be diminished if the pulse duration were 
increased, (See Chao. 16 Sec. 2), 


Although the modulating pulse hes an inportcont bearing on the 
frequ.acy spread, other considerations, such as a poor rotating joint 
in the coupling circuit from transmitter to aerial, may also materially 
affect the output pulse shape. It is now general practice to examine 
the RF spectrum by means of a spectrum analyser, which is a super- 
heterodyne receiver whose local oscillator frequency is swept in 
synchronism with a CRO time base. The detected signals are fed on to 
the Y-plates to produce an amuplitude-frequency spectrum of the 
components in the RF pulse. 


2, Fundamental Requirements of a Valve Oscillator 


Valve oscillators may generally be regarded as consisting 
of four component parts:- 


(4) A source of energy. 

(ii) A time-conscious circuit or frequency control device. 
(iii) A synchronous energy-feeding device. 

(iv) A load, 


(i) is usually a DC power supply. 


403 


Chap.8, Sect.3 


(ii) may be a resonant circuit or similar frequency=conscious 
device, such as & piezemelectric crystal or a phase- 
discriminating network, The time-conscious elements of 
a relaxation escillator are of a different type, and these 
are dealt with in Chap. 10. 


(iii) is normally a valve amplifier. The resonant circuit or 
other frequency-conscieus device (ii) and the lead (iv) 
dissipate energy, which must be provided for by an 
equivalent supply ef energy frem the power source (i). 


Singe (i) is a DC source and (ij) and (iv) constitute an AC load 
the pewer from (i) must be supplied at apprepriate times, not only 
at the right frequency, but in the right phase with respect to 
suceessive cycles ef oscillation. (This action corresponds closely 
to that of the escapement of a watch), The lead, (iv) is an 
integral part ef the oscillator and, in general, variations in its 
impedance will affect both frequency and amplitude ef oscillations. 
Oscillators should therefore be designed se that the loai is as 
little as possible affected by changes in the input impedance of 
any succeeding atage er etker device. This can frequently be 
accomplished by inserting some form of buffer stage between the 
gacillator lead and the output terminals, When this is done, 
changes in loading ef the circuit as a whole affect the buffer stage 
enly and de net disturb the loading ef the oscillater to any apprec- 
liable extent. On the other hand, cases arise where the lead is fed 
from the valve amplifier of the oscillater either directly er by 
Coupling te the tuned circuit, 


‘3. Conditions fer Maintenance ef Oscillations 


The theory of escillaters is derived fran that of their 
cempenent parts, of which the resenant properties of tuned circuits 
and the amplifying properties of valves are of outstanding importance. 
In beth cases the theory becomes cemplicated unless the alternating 
cempenents ef currents and voltages are assumed sinusoidal. For the 
derivation of initial conditions for self-mainterance of oscillatiens, 
these assumptions are valid; and, because ef the relative simplicity 
ef this methed of analysis, useful criteria can be ebtained which are 
serviceable in the design and adjustment ef practical circuits, 


Per steady state conditions, however, this simple theory is 
unsatisfactery fer the fellewing reasens:- 


(i) All valve characteristics are non-linear, and the initial 
conditions for the maintenance ef oscillations are valid 
enly for infinitesimal oscillations. In all practical 
cases the amplitude of oscillation is finite and is deter= 
mined, among ether things, by the curvature of the valve 
characteristics. 


(ii) The curvature of the valve characterietics also necessarily 
results in distortion of the sinusoidal form ef the current 
in the oscillatery circuit. In ether words the production 
of harmenics is a necessary condition of self~maintained 
oscillations, and this affects the fundamental frequency of 
oscillation to some extent. 


(iii) Apart from changes in the effective resistance and reactance 
of the valve due to non-linearity ef the characteristics, 
the interelectrode capacitances, whica are included in the 
total reactances ef the system, are not constant with 
respect to either the mean electrode potentials or the 
amplitude of the alternating voltages. 
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These effects complicate accurate analysis, but overlooking 
them does not cbscure the fundamental nature of the mechanism of 
oscillations. ; 


In general, when the possibility of self-maintenance of 
oscillations is being considered in any circuit employing a negative- 
grid triode, a physical cpproacn is often possible without detailed 
analysis, although this may be necessary as a last resort. Toa 
first approximation the interelectrode capacitances Cgas Cor and Coy 
of the valve may be considered as parts of the tuned circuit or 
circuits. The valve may then be replaced by a negative resistance, 
between anode and cathode. This is equivalent to assuming that anode 
and grid voltages are antiphase. Under these circumstances the 
frequency of oscillation does not depend on reactance effects of the 
valve current, and this is a desirable condition in most oscillators. 
When the valve is working in Class C, as in the case of power oscilla~ 
tors, the efficiency is liable to deteriorate considerably if the anti-~- 
phase relation is substantially departed from. In any case, if anode 
and grid potentials are separated by a phase difference of less than 
90° the valve acts as a positive resistance, and not as a generator of 
oscillations. This effect is illustrated in Fig. 384. Vectorially, 
For the valve to 


assuming sinusoidal 
” GmUy e 
act as a generator, 


variation, 

Bb, the angle between (GQ) VALVE acts AS “ resistance (D) vatve ACTS AS ~\" RESISTANCE 
the current vector ¢ < 90° (py < bq) ¢ > 90° (uty > Gq) 
Tg and the voltage 


vector ¥", must be ; ape 
greater n 90°, Fig, 38) = Regeneration criteria. 


This is impossible — 
either if Omg < Re 2.e., ifuvg<va, or if the phase difference 


is less than 90°, 





mete 
%g 
Velve oscillators may fre- 
quently be regarded as positive feedback 
amplifiers, and such circuits may be em- 
ployed in non-oscillatory conditions. 
A common example is the reaction amplifier 
of Fig. 385, which has essentially the 
same circuit as that of the tuned grid 
oscillator discussed in Sec.4, but in 
which the coupling between anode and grid 
circuits is insufficient to cause self- 
maintenance of oscillations, The net 
effect is to increase the gain and v 
selectivity (and the distortion} of the 
stage, without generating continuous Fig. 385 = Reaction amplifier. 
oscillations, 


between Ye and 





Another way in which the r-g neration of the feedback circuit 
may be regarded is illustrated in Pig. 386. A damped oscillatory 
circuit (a) rings when a square puise is applied, as shown at (b). 

If further resistance is placed in parallel with the comlenser the 
decrement is increased; (c}. If the equivalent of a negative 
resistance (regeneration, or positive feedback) is applied to the out# 
put terminals, the decrement is reduced; (a). If sufficient positive 
feedback is provided, i.e., if the magnitufle of the negative resistance 
is small enough, stable oscillations are maintained; (e). Whilst if 
more than sufficient feedback is present the oscillations increase in 
amplitude until limited by the inherent non-linearity of the circuit; (f). 
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Ge 
= Se 


(a) 


Pig. 386 ~ Effect of verying degrees of positive 
feedback on maintenance of oscillations. 


OSCILLATORS EMPLOYING MUTUAL INDUCTIVE COUPLING 


4. uned Grid Oscillater, Fig. 387 


A 
aul 





G = CONTROL GRID , 
A = ANODE (BD) equivatent ciacutt 
K = CATHODE 

(GQ) FUNDAMENTAL SCHEMATIC ARRANGEMENT 


FREQUENCY 
CHOKE 





(d) PARALLEL ANODE ~FEEO CIRCUIT 


(C) SERIES ANODE -FEED CIRCUIT 


Pig. 3.7 ~ Tuned grid oscillator. 


The fundamental arrangement is shown schematically at (a), and 
the equivalent circuit at (b). Feedback 13 provided by mutual 
inductive coupling M between anode and grid circuits. It may be shown 
that oscillations are maintainable at or near the resonant frequency of 
the tuned circuit. In this case the grid circuit is approximately 
resistive. If the anode circuit is also resistive, the condition for 


self-maintenance of oscillations is given by:- 
is where Q is the selectivity-factor of the 


Ur Q G, ; 
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tuned circuit, Gg the slope of the dynamic characteristic of the vive 
and «, = 2xf,, Pp being the resonant frequency of the tuned «irc_it, 
which is almost identical with f, the freauency of oscillaticus. 


This relation, and those of a similar type applicwile tv 
other oscillators, are approximete only, antl are based on sirmuscideal 
oscillations of small amplitude under the simplest conditions. 
However, they provide an excellent guide to the modifications 
necessary to increase or decrease the likelihood of maintenance of 
oscillations. 


Series and parallel anode-feeding arrangements are shown at 
{co} and (d). 


5. Tuned Ancde Oscillator, Fig. 3cod 


Ty. 


(2) FUNDAMENTAL SCHEMATIC (D) EQUIVALENT CIRCUIT 
AR AGEMENT 


KADIO-F REQUENCY CHOKE 


— 





= 


# 


a 





(C) SERIES AN. ME FEED CIRCLIT G PARALLEL ANODE FEEL GinculT 


Pig. 3838 ~ “uned anoae oscillator. 


The fundamental arrangement is shown at (a) and the equivalent 
cirevit at (b). The condition for self-maintenance of oscillations is 
the same as that for the tumed-grid cirouit, and the modes cf 
oscillation of the two circuits are very similar. Series and parallel 
anode-feeding arrangements are shown at (c) and (da). 


6. Meissner Oscillator, Fig. 389 


The fundamental arrangement is shown schematically at (a) and 
the equivalent circuit at (b), The condition for maintenance of 
oscillations is given approximately, in the simplest cases, by 

Ma Me 2 , Where Mg, My, are the mutual 
L Op 0 Ga 
inductances between the coil L of the oscillatery cireult ami the anode 
ami grid coils respectively, there being no other coupling between the 
anode and crid coils. ‘The other symbols are che same as for the tuned 


grid oscillator. 





As in the analysis of the other circuits employing mutual 
inductive coupling, it is assumed that the sense of the coupling is 
such as to inéuce at the grid a voltage in pnase with the anode current. 


AQ? 
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(CG) FUNDAMENTAL SCHEMATIC 
ARRANGEMENT (b) Equivalent circuit 


t | 
aia 


(C) PRACTICAL CIRCUIT 


Fig, 389 - Meissner oscillator. 


7 Megnetrostriction Oscillator, rig. 590 


This circuit is closely analogous 
to the Meissner, the tuned circuit being 
replaced by a mechanically resonant rod of 
magnetic material inserted as a core in 
the ancde and grid coils. As the field 
due to the current in the coils alter= 
nates such a rod varies in length at a 
frequency double that of the oscillator 
{assuming the rod is net polarised). 

This variation in lengta sets up mech- 
anical oscillations whicn have a 
pronounced resonance, the resonant fre- Fig. 390 - Magnetostriction 
quencies being of the order of 5-50 Ke/s oscillator. 

in practice, The frequency stability 

is very good and the oscillator serves as a low frequency equivalent 

of the crystal controlled oscillator for use as a frequency standard 

in the supersonic range. 





OSCILLATORS EMPLOYING DIRECT COUPLING WITH A SINGLE TUNED CIRCUIT 


8 Hartley Oscillator, Fig. 391 


The fundamental arrangement is shown at (a) and the equivalent 
circuit at (b). 


The requirement that the phase diffe:ence between anode and 
grid voltages should be greater than 90° is clearly met in this circuit 
provided highQ components are used, and if resistances are neglected 
the ideal antiphmase relationship is assured. 


Under the simplest conditions, oscillations can be maintained 
: La L 1 . 
a 28 Fe es ty 
provided tee hs On 8 Ga? where Gg, Ww, and Q have their usual 
significance, and Lg and L. are the inductances as ‘indicated (the 
mutual coupling in this caSe is assumed to be negligible). 


Because oi the large impedance presented both at the grid and 


at the anode of the valve by the tupped-L urrenyement at frequencies 
above resonance, this oscillator usually provides a higa harmonic content. 


Various series and parallel circuits are shown at (c) (da) and 


(e). 
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Rg A 


=a, 





(3) (b) 


————O HT 


HT + 


<t 


(d) 


«t 


(<) 


re 


qe) 


al 


Fig. 391 - Hartley oscillator. 


9. Colpitts oscillator, Fig. 392. 


The fundamental arrangement is shown at (a) and the 
equivalent circuit at (b). 








- ut 
i 
t é PB 
{ 
———oG 
(C1) FUNDAMENTAL SCHEMATIC (Bb) simpce EQuivaALeNT 
ARRANGEMENT CIRCUIT 





HT - SERIES-FEO OSCILLATOR v 


PARALLEL ANODE- d) WITH CHARACTERISTICS 
es Eee, eel ¢ OF COLPITT CIRCUIT 


rige 392 = Golpitts escillator. 
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This oscillator is analogous to the Hartley with the coils 
and condenser interchanged. It possesses good frequency stability, 
and is usable at higher frequencies than the Hartley circuit since 
stray capacitances, particularly C,, end C,,, are in parallel with 
the tuning capacitances, and thus de net upset the mode of oscilla= 
tion. 


Assuming the simplest circumstances, the condition for self= 
maintenance of oscillation may be written;:- 


(Cg +¢ 
= or Wn * Ss) » where Ge,Wy, Q have their 


Gq Q 


usual significance and C, and Cy are the capacitances as indicated 
in the figure. 


The output is largely free fron harmonics, since the tuned 
circuit presents a low impedance at both grid and anode for 
frequencies above the fundamental resonant frequency. 


Practical circuits are shom st (c) and (d). There is no 
true series arrangement, but the circuit shown at (d) possesses the 
characteristics ef a Colpitts escillator, although the mode of 
@scillation is slightly more complex. The additional impedance z, 
usually an RF choke er small resistance, is necessary to prevent 
interference from the Hartley mode of oscillation. Without it 
oscillaticns my be impossible, 


10. Dysatron Oscillator, Fig. 393 


This is the simplest 
form ef osciliator, requiring 
only two connections from the 
valve to the tuned circuit,(a). A 

- 
(qd) ible 


TETROOE 


la 
7. : CHARACTERISTIC 
t 
1 
t 
1 
' 


Ya 


It relies for its mode of oper= 
ation on the negatively-s loping 
portion ef the I, ~ Vg charact- 
eristic ef a tetrode, (b). 

Over this region the valve acts 
as a negative resistance, and, 
provided the magnitude ef this 
resistance is less than the 
dynamic resistance of the tuned 
circuit in parallel with it, oscillations are maintained. 


WHEY 
. é 





——- 
\ DYNATRON PORTION 


Fig. 393 = Dynatron oscillator. 


ll. Transitron Oscillator, Fig. 





This type of circuit is more frequently empleyed as a relaz- 
ation oscillater er relay, and as such it is dealt with in Chap. 10. 
In essence, however, it has characteristics which are closely allied 
to those of the dynatron oscillator, and it may be used as a generator 
of sinusoidal oscillations. 


The basis ef operation of transitron circuits ‘is discussed 
in Chap. 6 Sec. 34. 


For certain values of anode and control grid potentials an 
increase in screen voltage gives rise to an increase in suppressor 
grid voltage wiich increases the anode current; this increase is 
drawn from the available space current, and, provided the mean 
potentials of the various electrodes ace suitably chosen, is greater 
than the increase in space current due to the rise in screen 


voltage. 
4io 


GhapeS, ~ect,12 


The net result is a 
decrease in acreen 
current, so that the 
eutput resistance 
between screen and 
cathede is negative, 
(b). It may be 
eonvenient te use 
the centrel grid fer 
triggering, as shown 
at (c). The valves 
escillates while the 
input pulse holds the .. 
grid veltage above 
cut~eff, the frequency 
being almest exactly ae 
that ef the tuned 1 ot 
circuit, assumed te 
incerperate the para=- 
llel stray capeci- iy ; 
tances presént. yon a 
Peed ae below REGION OF NEGATIVE RESISTANCE 
cuteeff, escillatiens 
die out, the time 
taken depending en the 
decrement ef the 
circuit. 





«f 


(a) 


(ANODE AND CONTROL 
GRID POTENTIALS 
CONSTANT) 





Fig. 394 = Transitron 
osclllat ore 





OSCILLATORS EMPLOYING DIRECT COUPLING WITH TWIN TUNED-CIRCUITS 


12. General 


The fundamental arrangement is shew schematically in Fig. 
395(a). In such a cirouit with less-free components, oscillatiens 
can be generated under conditiens which make the reactance of the 
coupling condenser Cg equal and eppesite te the reactance of the 
twe rejecter circuits cennected in series. For high-Q circuits any 
such escillations would be damped .eut eventually, but would eccur at 
substantially the same frequency as in the loss-free case. 


Cc Ce 


re 


(b) (Cc) 
Pige 395 =~ Gompoud- oscillatory circuit. 


At the oscillatien frequency either ene er both ef the tuned 
circuits must be inductive, as shewn at (b) and'(c) respectively. 
Phe cerresponding escillatien frequencies are then given sufficiently 


accurately by:- a fi q 
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(b) Oe ey peta . 
LyCeCe2 and (c) JC. (La * La 
2nJ Gq * Gp aN Cg (Ly + Lg) 


(The pesition ef the arrews in Figs. 395(b) and (c) indicates that 
beth ef the series components of the impedance, the resistance and 
the reactance, are varied by sdjustment ef the cerresponding tuned 


circuit ef Pig. 395(a}}. 


By suite 
ably connecting 
valve amplifiers 
to the networks 
of Fig. 395 the 
escillations can 
be maintained. 
Figs. 396(a) and- 
(b) show the types 
ef vectorial 
relations one ef 
which must apply 
te these circuits 
te permit a 
phase difference 
between anode and 
grid petentiais 

' relative te 


we 


CAPACITIVE 
REGENERATIVE) a INDUCTIVE 
(REGENERATIVE) 
K 
INDUCTIVE 
PURELY K 
PURELY CAPACITIVE 
CAPACITIVE 
INDUCTIVE 
'Q) i (b) 


G —— 
t 
G 


T= CIRCULATING CURRENT IN MAIN CIPCUIT OF FIG. (Bb) OR (C) 
[AY@ MUST BE GREATER THAN 90° 


Fig. 396 ~ Twin circuit oscillator: 
vector diagram. 


cathode ef greater than 90% The valve, acting as a generater 
between anede and cathode, saxkes the combined resistive component of 
the anede=-cathode circuit negative; this is indicated in the vecter 
diagrams by the werd (Regenerative). 


It follows thet there are two arrangements ef Pig. 395(a) 
which confonn to Pig, 396(a) end one which cenfoms to Fig. 396(b); 
these are illustrated as equi-mlent cixcuits in Fig. 397(a), (b) and 


(c) respectively. 


They are classified as shown, accerding to the 


electrecde which is common te the two tuned circuits. 


fhe camnen cathode circuit is less useful than the ethers 
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Fig. 397 - Twin circuit oscillator: 


equivalent circuits. 


fer very high frequency werk because ef the magnitule of the inter~ 
6lectrede capacitance Cga- This limits the escillations to freg- 
uencies whese upper limit is ef the order ef a few hundred eM 


per second, Either of the other arrangements is capable of pr 


ucing 


escillations with normal triode valves up to 600 Mc/s, and with 
specially designed triodes. up te 3000 Mc/s. 


Common te all oscillaters ef this type is the advantage 
ef having twin controls ever the frequency and amplitude of escillations. 
By suitable adjustment ef the tuning centrols both the amplitude and 
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frequency may be set to any desired values within the working range, 


The mode of oscillation ia similar to that of the Hartley 
oscillator in the circuit of Fig. 397(c) and to that of the Colpitts 
in circuits (a) and (b). In all cases, however, a much greater 
tuning range is available in the twin-circuit oscillator. 


Por a rejector circuit to be inductive it must be tuned to 
a frequency above the frequency of oscillation, and below if it is to 
be capacitive. Hence in the common cathode circuit the frequency of 
oscillation is below the resonant frequencies of both tuned circuits, 
whereas in the other casea it is intermediate between these two, 


The behaviour af these oscillators may best be described in 
forms of modified circuits. Each tuned circuit is associated with 
certain components in parallel, the phase angle 9 of the resultant 
circuit being a function of the selectivity and resonant frequency of 
the resultant circuit, ani of the frequency of oscillation. It may 
be shown that, provided certain assumptions are justifiable, 
oscillations can be maintained at such a frequency that the resultant 
circuits are either both inductive or both capacitive, and the sum of 
these phase angles in each case is approximately 90°. Maxitem 
amplitude occurs when both circuits are equally detuned, i.e. both 
phase angles are 45°. This occurs despite the fact that, as indicated 
in Figs. 397(a) and (b), one of the original tuned circuits may be 
inductive when the other is capacitive. This is because in these 
figures the addition of extra components for the purpose of simplifying 
the analysis has not been made, 


13. Common-Cathode Oscillator 
In this oscillator, the anode tuned circuit is associated 


with Ra, Cga and Cy, in parallel, as shown in Pig. 398(a). The 
resonant fFequency of this combined circuit is f, and ita phase angle 


A G 
K K 


(QQ) anove circuit (BD) crio circuit 


Fig. 398 - Camon-cathode oscillator: 
effective tuned circuits, 


when the oscillation frequency is f is %, (inductive). The grid tuned 
circuit is associated with C,, and Cy, in perallel, as shown at (b). 
The resonant frequency of the resultant circuit is fg and its phase 
angle is %g (inductive). The results 


(1) Ba + 9g 90° and 
(2) emplitude increases with sin 2f, (which is equal to sin 2f,) 
depend upon the condition Gy «Cf ge’ 
14. Common-Anode Oscillator 


In this arrangement, the grid tuned circuit is associated 
with Cga and Coe in parallel, whilst the cathode tuned circuit bas the 
additional parallel components Cg, Cores ‘Ra and the resistance as 


shown in Fig. 399(a) and (b). It follows from the diagram of Fig. 
397(b) that the addition of Cox to the circuit between G and A changes 
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A 
GRID CIRCUIT A CATHODE ClRCcUIT 


@) (b) 


Fig. 399 = Comnon-snede oscillator: 
effective tuned circuits. 


this circuit from inductive to capacitive; this gives a good 
indication of the frequency of oscillation. The results 


(1) Bg + Be = 90% (both Gg and f, are capacitive) and 


(2) amplitude increases with sin 2Bg3 (which is equal to 
sin x); 


depend upon the condition Gy UG pice 
15. Common-Grid Oscillator 


In this case the anode tuned circuit is considered in parallel 
with Cag and Cay, and the cathode tuned circuit has the additional 


oga Cak 





G ANODE CIRCUIT G CATHODE CIRCUIT 


(a) (b) 


Pig. 400 - Common-grid oscillator: 
effective tuned circuits. 


parallel components Cay, Cg, and the resistance = as shown in Fig. 


400(a) and (b). As in the previous case, the addition of C,; to the 
circuit between anode and grid changes the 1mpedance from indictive 
to capacitive, so that the frequency of oscillation lies between the 
resonant frequencies of the two cireuits, with and without Cay. 


The results (1) Z, + Sy =,90° (both B, and Py, are capacitive) 
and 


(2) amplitude increases with sin 2%, 
(which 13 equal te sin 2%,); 


depend on the conditions G, >> ogy > 1/Rg. 


16. Earthing the Twin-Circuit Oscillators 


Owing to the earth capacitance of the various electrodes, 
these oscillators exhibit different properties for different earthing 
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arrangements. The anode is usually large and the stray capacitance 
to earth correspondingly high. Similarly, the necessity for the 
heaters to be close to the cathode tends to make the cathode-earth 
capacitance large. 


In the common-cathode circuit it is usual to earth the 
cathode since this has least effect on the total capacitance between 
anode and grid. In the common-anode circuit either the cathode or 
anode may be earthed, but not the grid, as this effectively increases 
the coupling capacitance Cg_ and also lowers the resonant frequency 
of the inductively tuned circuit. Both effects tend to lower the 
frequency of oscillation. 


In the common grid oseillator, efficient oscillations may be 
obtained by earthing any of the electrodes. One arrangement, known 
as the Lighthouse Tube circuit.,is of the common-grid, earthed-cathode 
type, and has given satisfactory performance at centimetre wavelengths. 
Valves with common-grid, earthed-grid circuits have also given good 
results. For high-power operation, where anode dissipation is 
considerable so that special precautions umst be taken for cooling the 
anode, the gomon-grid, earthed-anode circuit is likely to be most 


useful. 


17. ‘Types of Tuned Circuits Bnployed 


When a twin circuit oscillator is employed as a radar trans- 
mitting valve or as a local oscillator at frequencies of 200 Me/s or 
more,the tuned circuits usually take the form of coaxial lines, and 
the valve is designed tu fit on to * snecial coaxial asservly, Suc. an 


PLATE CLAMPED TO 
FLANGE AT END OF 
CO-AXIAL OUTER. 
PLATE IS CONNECTED 









MICA ~ 
INSULATION TO HT+VE ;CO-AXIAL 
‘i OUTER IS EARTHED 
GIRID -ANODE 
LINE 
GRID - ANODE 
GRID ~ TUNING PLUNGER 
CATHODE 
ANODE LINE 
PLATE PONTROL GRID- CATHODE 
_ GRID FLANGE TUNING PLUNGER 


MICA INSULATION 
GLASS 
ENVELOPE 


CO-AXIAL HEATER 


CONNECTIONS 
BIAS 


RESISTER 





HEATER LEADS 
6°3V Ac 


Fig, 01 « Negative-grid oscillator 
for centimetre wavelengths (CV 90), 
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arrangement is illustrated in Fig. 401. This shows a CV90 valve and 
the method of employing it as a common-grid oscillator. The anode 

is in the form of a flat plate sealed off on both faces from the glass 
envelope, and is suitable for clamping on to the end of a coaxial line 
system, The grid and heater connections are designed to fit various 
sections of coaxial tubing, the heater supply leads also being of 
coaxial construction. Anode-grid and grid-cathode lines are variable 
by means of plunger tuning. The anole is directly connected to the 
positive HT line, being insulated from the earthed outer of the coaxial 
line by a mica washer. 


The valve, which measures 8-5 om x 2°5 om (neglecting the 
width of the anode plate) is capable of providing an RF output of 3 
watts at 1000 Mc/s for an anode input of 10 watts. This output is 
reduced for higher frequencies, but by the use of harmonics the 
frequency can be raised to 5000 Mc/s, with an output of O°] watts. 
It may be used as a local oscillator or as a low-powered transmitter. 


For lower frequencies conventional triodes with tuned open- 
wire lecher lines may be employed. (See Chap. 4 Fig.147). 


18, Crystal-Controlled Oscillators, Tig. 402. 


Because of their excellent frequency stability, piezo~electric 
crystals are often employed in place of tuned circuits in oscillators 
of the twin-circuit type. The frequency is limited to a few 
megacycles, so that the magnitudes of the interelectrode capacitances 
are not of any great importance in devermining which of the circuits 
should be used. Both the common-anode and the common-cathode 
arrangements shown in Figs. 402(a) aml (b) are employed. In either 





\ FOR HIGH-@ 


| CIRCUIT 
i 


FOR CRYSTAL 


(c) * (d) 
Fig. 402 - Crystal oscillator. 


circuit the crystal must present an inductive impedance to the rest of 
the c4reuit for oscillations to be possible. Fig. 02(c} shows the 
variation of J, the phase angle, for a typical piezo-electric crystal, 
and (a) shows the equivalent circuit. § can be positive only between 
the frequencies f; and f9; hence oscillations can occur only at a 
frequency greater than f, and less than fp. These limiting 
frequencies lie very close tosether, due to the Pact that Co > Cl. 
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As indicated in the figure, g alters very little over this range for 
the comparable case of a high-Q L-C circuit, which must therefore be 
considered less desirable in maintaining fresuency stability. 


Again, ss Co > 04, the effect of the external connections 
on the Q of the circuit, and on f, and fo is negligible. 


For accuracies of the order of one part in a million or 
better the crystal should be kept at a uniform temperature by 
enclosure in a thermostatically controlled oven. 


19. PUSH-PULL CIRCUITS, Fig. 403 


The use of twin valve circuits symmetrically arranged makes 
the design of oscillators extremely simple, The anode am grid 
potentials of a conventional amplifier are normally antiphase; by 
_connecting each anode to the grid of the other valve, the output of 
each valve provides the input for the other, in the correct phase for 
oscillations to be self-maintained, This is the essence of the 
multivibrator -circuit described in Chap.10. A similar circuit may 
be used to generate RF oscillations. The fundamental arrangement is 
shown schematically at (a) and a practical circuit at (b). 


Ai,Go 


COMMON 
CATHODE 


A 


Ag.G, 


(a) 


(b) 





Fig. 403 = Push=pull circuit. 


Push-pull circuits possess certain advantages over single- 
valve oscillators. Provided they are properly balanced, there are no 
even harmonics present in the output waveforn. This conserves power 
and reduces interference with other transmitters. Since one electrode 
of each valve is connected to the corresponding electrode of the other, 
at least as far as radio frequencies are concerned, the interelectrode 
capacitances associated with this electrode ani the tuned circuit are 
in series and the resultant effect on the tuned circuit is thereby 
halved. In the circuit shown at (b), for instance, the effective 
capacitance in parallel with the tuned circuit between the two grids is 


=H where Cok is the interelectrode capacitance between grid and 


cathode for either valve. This effect is nullified at very high 
frequencies, where the inductance of the cathode leads becomes of equal 
importance to the interelectrode capacitances. The doubling of this 
inductance in the push-pull circuit then destroys the advantage 
obtained by halving the capacitance. 


20,  RESISTANCE-JAPACITANCE OSCILLATORS, Fig. 404 


A resistance-loaded, capacitance-coupled amplifier (a) 
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normally operates over the flat portion of its gain-frequency 
characteristic, where the phase difference between input and output is 
180°, Over this region, neither gain nor phase is frequency-conscious. 
At low frequencies where the reactance of the coupling condenser is 
large enough, the gain falls off, and the phase of the output is 
advenced as illustrated in the vector diagram at (b). <A similar 
falling-off of gain, accompenied by a phase lag, occurs at high 
frequencies due to the shunt reactance of the input capacitance of the 
succeeding stage and sundry strays. This is illustrated at (c). 


— 
V,. ETC REPRESENT THE 
ALTERNATING COMPONENTS 
OF THE VOLTAGES AT THE 
POINTS INDICATED 





i) v 


a7 Vo 
Vo ee ae 
Vv, v, 
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Vo 
(b) Low FREQUENCY vecTOR (C) HIGH FREQUENCY VECTOR 
DIAGRAM DIAGRAM 
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OVERALL GAIN 
(MaxIMUM GAIN=OdB) 


Fig. 404 ~ R+C oscillator. 


The overall gain-frequency and phase-frequency characteristics of a 
typical R-O amplifier are shown in Fig.404(d). 


If two or more such amplifiers are used in cascade, the 
total phase shift is obtained by adding the individual phase shifts 
for the separate circuits. For example, if fjo) is the frequency at 
which the input of each valve leads the output by 120°, the total 
phase-shift for three identical stages in cascade would be 360°. The 
output of the third stage would then be in phase with the input of the 
first, and if the output were coupled to the input a 3-valve 
oscillator of frequency f129 would be formed. 


The corresponding two-valve circuit is not frequency dis- 
criminating over the linear portion of the valve characteristics, 
since the phase-shift of 180° per stage occurs over the flat portion of 
Fig. 404(d). Such a circuit usually works as a multivibrator, des- 
eribed in Chap. 10, and not as a generator of sinusoidal oscillations, 
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The number of valves required for sinusoidal R-C oscillator may 
be reduced by the insertion of additional phase-shift meshes. Since the 
frequencies involved are usually lew, it is normal to employ R-C rather than 
L-C networks, because of the prohibitive size of the latter when designed for 
use at these frequencies, A three-stage network such as that shown in 
Fig. 405(a) could be designed to operate with an amplifier providing 180° 
phase-shift. For oscillations to be maintained, the network would have to 
provide an additional 180° phase shift, whilst not introducing more 
attenuation than the available amplification. 


The relative maynitudes of the components may be obtained by 
solution of the mesh equations for the circuit of Fig. 4.05 (b). 


Let Gn = mutual conductance of valve 
R= anode slope resistance of valve 
R = Ra RI 
RetRy 


Then one condition for maintenance of oscillation is :- 


2 22 & Ry 
Gn > z + Ry + Zz 


and the frequeney of oscillation f is :- 
4 


~ 2gor f6 +48 


If a high-slope pentode is used the following simplifying 
assumptions may be made; 


R, => Ry ’ R => Ri» 


and the above formulae reduce to 








G > _29 
Ry, 
He Ss 1 
* Bote ye 


The attenuation of the phase-shifting network is 29, hence the 
available amplification will need to be at least 29. 





Fige405 - Single valve, 
three-mesh oscillator. 
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The three-mesh network may be replaced by a Pour-uesh circuit. 
This reduces the network attenuation and cnables a lower gein amplifier to 
be used, Either C or R of one cr more of the meshes may be .aade variable 


for the oscillator to be tunable. 
Pp 


(b) 


R 





Pp! 


{c) 





Fig.406 ~ Wien bridge oscillator 


Such a resistance-capacitance oscillator must operate in Class 4 
fo the output voltage to be reasonable sinusoidal. The bias is therefore 
usually provided by a cathode self-biasing network, since the disadvantages 
of this method of biasing do not arise under Class A working conditions. 


A second form of R-C oscillator is shown in Fig. 406(a). The 
phase-discriminating feedback circuit takes the form of a Parallel-? (fine?) 
network which is very sensitive to frequency changes. The vector Ciagrams or 
Figs.406(b) - (4) illustrate the action. If the series arms QT, TS of the T's 
are onitted the voltages for the remaining four elements are as shown at (b). 
The insertion of QT and TS distorts the right angles as shown at (c). The 
complete voltage distribution is given by (d) and the frequency of operation 
is such that T°R and RF” are collinear; i.e. that the anode and grid 
potentials are antiphase (with respect to cathode). 


Typical component values for an 800 c/s oscillator are:- 


Ry = 100 K £1. 
Ro = 25 gD variable 
CG = 0. 003 #F 


Frequency is conveniently controlled by varying Ro whilst aoplitude nay be 
Preset by varying the cathede feedback resistor. 
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A third type of R-C oscillator, know as the Willan's Oscillator, 
is shown in Fig. 407. This is sometimes known as the Wien Bridge Oscillator 
on account of the resemblance of the phase-discriminating circuit PQR to the 
adjacent arms of a Wien Bridge. If the phase angle of the impedances between 
PQ and QR are equal, the voltage across QR will be in phase with that across 
PR, The condition for equality of phase angle is 


Sqa eee 


which gives f the oscillation frequency as 


l 


AW (0, Cy R, Ry 


Pos 


Since the output voltage from the i 
phase discriminat network i 
phase with the input a two-stage amplifier is needed to feat eae 


The frequency may be varied either b 
them, or by a similar ganging of G) and aoe R, and Rp variable and ganging 


TWO-STAGE OUTPUT 
AMPLIFIER 


—~t——- FEED BACK LOOP 





Fige407 - Principle of Millan's 
Oscillator 


VELOCITY MODULATED CSCILLATORS 


21. General 


Conventional valves are limited in their uses at UHF by the 
effects of transit time, reactance of electrodes and electrode leads, 
etc. (see Chaps 7 Secs. 25 and 26). While considerable success in 
minimising them has been achieved with specially constructed triodes, 
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having small electrodes very closely spaced, other types of valves 
which have utilised some ef these effects have come into common 

usage. These depend for their mode of operation on variation of 

the velocities ef the electrons (Velocity Modulation), instead of the 
total valve current (Density Modulation), as in conventional valves. 
Tubes employing this principle of velocity modulation must be hard, 
high-voltage tubes, so that the transit time for the passage of an 
electron through the modulating region is small enough to be compar=- 
able with the period of oscillations. The modulation depth is 
normally small, so that fluctuations at the high voltage end do not 
appreciably affect the initial velocity, This is analegous to the 
eperation of a sceened=grid valve, where variations in anode potent= 
ial have little effect en grid modulation. Such a circuit is necess- 
arily inefficient, since the tube current is largely DC, and the "anode" 
voltage is approximately constant, so that the power generated by the 
small AC components is at best only a few per cent of the total power 
dissipated. High efficiencies are obtainable oniy by modes ef opera= 
tion which are relatively complex, the description of which is 

beyond the scope of this work, 


In practical velocity=modulated tubes the tuned circuits are 
normally of the resonantecavity type, and are partly or wholly built 
intc the valve envelopes. For simplic.ty they will be represented in 
the following sections as lumped circuits,and practical designs will 
be dealt with later, : 


22, Velocity Modulated Amplifier 


Fig. 408 shows ~<— LOW VOL.AGE —»be- HIGH VOLTAGE 
the basic velocity moedul- i | 





ation cimr sit, An elece 
tron gun similar to that 
of a CRE projects a high 
velocity electron beam 
through an aperture in 
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The distance between the 
plates is assumed, in the 
first instance, to be 


small, go that the transit Fig. 408 = Velocity modulated 

faee bevecen the as circuit; schematic diagram 
negligible; this will be ; ° 
considered in further detail later. When the resultant field is in 
one direction the beam is accelerated, and-when in the opposite direc= 
tion, retarded, Thus, after passing turough the aperture of the first 
tuned circuit, or Buncher, the velocity of the beam is modulated, and 
the faster moving electrons tend to overtake the slower ones, so that 
Bunching occurs in the Drift Space; (Pig. 408). 


MODULATING ELECTRODES (BUNCHER) 


The effect is illustrated in Pig. 409, For simplicity it is 
assumed that the modulation’ of velocity is sinusoidal, the field of 
the buncher imparting to the steady velocity u, a deviation velocity 


ugs ig sin 2nft. 100 = is the percentage modulation depth. 


The resultant velocity u = uy + ug will be referred to as the Drift= 
Space Entry Velocity, or simply the Entry Velecity. The instant at 
which a “snapshot” of the electron beam distribution is taken is 
denoted by t, and t, is the instant at which the electron under con- 
sideration entered the drift space. At (a), uis plotted against 

t - to for the case where sin 2Nft = 0; i.e., t = 0+ nf where 

t =} . At (b) the distance s which the electrons have travelled 
into the drift space is plotted azainst t - tg. Taus (a} gives the 
entry velocity and (b) tae shapshot distribution at the instant t, the 
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interval t - t, being the time spent in the drift space by the 
electron considered. 


T-3g = TIME SPENT IN DRIFT SPACE 


\ 






: : 
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Doe ee ee oe ot | OPTIMUM | 
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. (b) 
ELECTRON DENSITY {$e I} 


©) o thm 





Pig. 409 ~ Drift space entry velocity 
and charge distribution (t = nf + 0). 


The entry velocity of electrons emerging at instants A 
and C of Fig. 409({a) is ug, carresponding to the line GAC 
[s“= u(t - t,)] in Fig. 409(b). At B the entry velocity has a 
maximum value, Uo + ug, corresponding to the line 0B 
[s = (up + 454 - to)], whilst at D the entry velocity is a 
minimum, corresponding to OD [s = (uy - &)(t - t,)]. The position 
of an electron entering the drift. space at any instant t, for which 
sin 2xf(+) has any value other than O or + 1 may be found by 
sinusoidal interpolation between the three constant-velocity lines 
OB, OA, OD. It is assumed that the electron distribution along the 
axis t ~- t,. is uniform, i.e, that equal numbers of electrons are 
emitted in equal intervals of time. The dispositions of these 
electrons are given by graph (b) for sin 2x ft = 0, and the ratio 


|*2| (Fig. 409(c)) gives the mean electron density for the region of 
length 5s. In the figure, Sto is taken as one twelfth of the period 
T. . 


Curves similar to those of Fig. 409(b) may be plotted for 
the instants t = J, 3 sf and these are shown in Fig. 410(a). The 


corresponding line distributions are at (b), (c) and (ad). ‘These 
figures show how the bunches are formed by the faster-moving 
electrons overtaking the slower ones, the bunches moving at approx- 
imately the mean beam velocity ty, so that they are separated by a 
distance 8 *=,up?. ’ 


The regions in Fig. 410(a) where 3s = 0 are sometimes 
° 


called Bunching Planes. These corresponding to maximum peaking 
effect in the line distribution diagrams (b), (c) and (d). It should 
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(d) f= at+¥ 


Fig. 410 = Drift space charge distribu- 
tion for different values of +t. 


be obvious, however, that bunching is not confined to these particular 
regions, but occurs in varying degrees at all points of the drift 
space. 


The effects illustrated are modified in practice by the 
following considerations which have been ignored in the simple 
diagramatic treatment. 


(i) The entry velocity does not vary sinusoidally with time. 
This does not affect the principle of the method, asa the sinusoidal 
form of Fig. 409({a) may be replaced by any other, and the process applied 
in the same way. 


(ii) Acceleration is not instantaneous, occurring’ at a point, but 
takes place over a period of time comparable with T; one effect of this 
is that there may be some density modulation present which cannot be 
accounted for by velocity modulation only. 


(iii) There is mutual repulsion between the electrons of the beam. 
This is usually a second order effect. 


The manner in which modulation occurs merits further detailed 
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consideration, as it is fundamental 
in many centimetre -wave generators, 
An idealised modulating element is 
shown in Fig. 411 illustrating the 
instantanecus distribution of the 
electric field; the corresponding 
distribution of axial. potential is 
shown in Fig. 412(a). It has 
been assumed that the region out- 
side the plates is devoid of 
alternating fields; this is sig- 
nified by the 0 - 0 lines within 
which these fields must be confined. 
Accordingly, whatever rise in 
potential cccurs along the axis at 
any instant must be offset by a 





corresponding fall before the out- Fig. 411 - Instantaneous field 
side is reached. From energy distribution within the 
considerations, it follows that an buncher gap. 


electron which instantaneously passes axially through thie field 
meets with no net acceleration or retardation. 


Suppose, on the other hand, that the time of transit of 
the electron is comparable with the periodic time of the modulating 
voltage. Some electrons enter the region with the potential dis- 
tribution as at (a), being accelerated from P toQ. By the time 
they pass Q, the direction of the field may have changed to that 
shown at (v5, so that the electrons are further accelerated for the 
journey Q- R. Provided the distance QR is approximately Uo the 
field will again reverse when the electrons are in the 
region of R, so that the final stage of the motion, from R to 8, 
is again accelerating. 


Electrons 
which are a gquarter- 
period ahead of these 
reach Q when the 
potential there is a 
maximum, and encounter AXIAL POTENTIAL 
a retarding field as 
they approach the 
centre. At this 
point the field every- 
where is zero, and the 
electron velocity is 
again Up. The ‘ 
second half of the (b)o 
transit is a repetition 
of the first half, the 
electrons being 
accelerated until they 
reach R, at which 
point the potential is Fig. 412 - Instantaneous 
a maximm, and retarded potential within the buncher. 
from R to S, being 
ejected with velocity 


Uge 


DISTANCE 





Q R S$ a» DISTANCE 





Electrons which are a half-cycle ahead of the first are 
correspondingly retarded throughout the motion, The behaviour of 
other electrons may be estimated by interpolation. 


An accelerated electron is supplied with energy from the 
source which feeds the buncher, A retarded electron supplies this 
source with energy; so that the net energy lost by the buncher in 
this manner is, to a first approximation only, zero. 
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If the electrons 
efter modulation are 
collected at an anode, or BRB 
Catcher, to which is . 
attached a parallel tuned 


circuit, as shown in 3 
Fig. 415, oscillations =, _DRIFT SPACE wn 


are set up in the latter : bd 


in the same way as they gun A 

are in a Glass C amplifier UNCHER onae 
with tuned circuit load. 

At the anode it is the 

density modulation, due Fig. 413 - Extracting energy from 
to the bunching, which is velocity modulated circuit. 


important, and not the 
difference in velocity 

itself. If the current variation of Pig. 414 is compared with that 
of a Class C amplifier, the closeness of the analogy will be apparent. 


The 
mechanism thus des- 
cribed in achematic 
form constitutes 
an amplifier of ELECTRON 


DENSITY 
sorts, since, to a 
first approximation, 


the input supplies ° + oT i Ie 
no net power, 
whereas useful power 


aS Pyetlebse at the Fig. 414 = Variation of electron density 


eee ais with time in the region of optimum bunching. 


amplification 

obtainable from such a system is not independent of input amplitude, 
i.e. of the modulation depth. If the depth of modulation is doubled 
the output amplitude is not correspondingly doubled, and may be 
diminished. In fact the variation of amplification with modulation 
depth is extremely complex, depending on the length of the drift 
space, mean velocity and frequency. Although amplifiers employing 
the principles described are in use, they are very limited in their 
application and are inherently noisy. These disadvantages are not 
important when the methods are applied to the design of a constant 
frequency oscillator, and it is in this respect that they are 
commonly employed, 


It is. not essential for the bunched electrons to impinge on 
an electrode connected directly to a tuned circuit in order that 
energy may be transferred to the latter from the valve current. The 
modulated beam may be directed through the aperture of a second pair 
of electrodes similar to the modulating set, connected to a circuit 
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oy 


oun i slabs, 


Fig. 415 ~ Alternative method of 
extracting energy. 


426 


Chap.8, Sect.23 


tuned to the operating frequency (Fig. 415). Each bunch of 
electrons passing through the aperture will induwe currents to 
flow in the circuit, and successive bunches will, because of the 
res@iance of the circuit, arrive at the correct instants to re- 
inforce oscillations already present there. In other words, the 
electron beam may be made to augment the alternating displacement 
current between the condenser plates without actually impinging on 
either of them In practice it is probahle that both effects 
eccur. 


To convert the 
double=tuned circuit ampli~- 
fier into an oscillator all 
that is required is a feed- 
back circuit from catcher to 
the buncher. This is indic- 
ated in Pig. 416. The phase a 
of the feedback must corres- ar | | 
pond to the length of the 
drift space and the mean vel- 
ocity of the beam for regener- 


FEED BACK LOOP 


an ELECTRODE 
FOR COLLECTING 
— | | BEAM CURRENT 


ation ef positive feedback to Fig. 416 - Adaptation of 
eccur at the desired frequency. velocity modulated amplifier 
This means that the feedback as oscillator. 


loop must be of the right r 
length, since a difference in length ef 3 would change this feed= 


back from positive to negative or vice versa. 


The foregoing description has been limited to theoretical 
circuits without considering the practical forms which these 
circuits may take, Common forms of practical velocity~modulated 
tubes will be described in the following paragraphs. 


23. Velocity Modulated Oscillators in Common Use 
Heil Tube, Fig. ALT 


This oscillator is a low-powered generator possessing moderately 
good frequency stability. Its main advantage is that it may be twmed 
over a wide frequency range. The combined tuned-circuit and feedback 
link are formed of a short length of coaxial line with a hollow inner 
conductor. Apertures are cut at opposite ends of a diameter, the first 
to permit the entry of the electron beam, thus forming the buncher; the 
second allows the modulated beam to emerge, and constitutes the catcher, 
currents being induced in the inside walls of the coaxial line by the 
pulses of current in the beam. The drift space consists of the region 
in the neighbourhood of the diameter joining the two apertures. The 
transit time across this space must be such as to ensure that the 
currents induced at the output are in phase with the currents at the 
input. The emerging electrons are collected at an anode beyond the 
second aperture. 


The resonant frequency ef the circuit depends on the 
effective length of the ceaxial line. This line is usually term- 
inated in a variable length of short-circuited lecher line. 

As this length is varied, the voltage difference between cathode 
and accelerating electrode must be changed corresponiingly to 
maintain the pha.e equality at input and output. 
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Fig. 417 - Heil tube. 
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Fig. 418 ~ Double rhumbatron 
klystron. 


In this tube the two tuned circuits are of the resonant 
cavity type, the rhumbatron shape being particularly suited to the 
aperture method of feeding and extracting energy. The term Klyst- 
ron is usually applied to a velocity modulated oscillator using a 
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cavity resonator, Feedback is provided by a coaxial cable, term- 
inated at both ends by loops which are inductively coupled to the 
cavities. The. length of this cable must correspond to the length 
of the drift space between the apertures of the two rhumbatrons. 
Owing to the finite size of the loops and the variation of their 
input impedance with frequency, the optimum cable length will not 
be independent of frequency. 


A major difficulty encoumtered in this oscillator is the 
necessity for the two circuits to have the sare resonant frepency. 
The high selectivity of the rhumbatrons used permits only the 
smallest deviation fromsesonance before the maintenance of oscill- 
ations becomes impossible, 


Reflex klystron 


In the reflex klystron, instead of a seccnd tuned circuit and 
aperture being employed, the electron beam is reflected and made to 
return to the modulating aperture 
at the correct phase fer the 
maintenance ef oscillations, 

This is done by the insertion of 
a reflecting plate at a potent- 
ial negative to cathode (Fig. bh 


419). Because of the consider 

Pea retardation and subsequent =} — 
concentration of electrons La] 

between rhumbatren and reflector, cUeereeW ca pereeerne 
toe inaccuracies of neglecting RHUMBATRON 


interaction between electrons 

are greatly increaseds but the 

simplified explanation which Fig. 419 - Schematic 
follows, although it neglects dia of 

this,'is sufficient to indicate ere petite ELyStrons 
the general mode of operation, 


It is assumed as a first approximation that an electren 
after emerging from the aperture is subject to a constant retarding 
force E. This force brings the electron to rest and causes it to 
return to the aperture with the same velocity us that with which 
it emerged. The method by which bunching occurs under these 
conditions is illustrated in Fig. 420. The notation used in this 
Giagram is the same as that of Pig. 409, The velocity u of the 
returning electrons varies throughout the drif\; space as shown at 


(a). 


Because of the censtant retarding force, the straight lines 
OB, OA, OC, of Fig. 409(b) become the parabolas shown in Fig. 420(b). 
The line distribution of electrons for different values of t is 
given by the four curves fort =0,2%, 2, By The diagram shows 
Le 
thet at the instant t = 0 the electron density Se » at the 


aperture (where s = 0) due to the reflected becm, is large, whereas 
+ : 
at all other instants re is small. Approximately half the elec- 


trons pass through the aperture in a "bunch" whilst the passage of 
the remainder is spread over the rest of each cycle. 


If e is the charge, and m the mass of an electron, tne re- 


tardation r due to the field Eis r=iEe. The time for an 
m 


electron to be brought to rest and to return again to the aperture 
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t-to=time spent in 
drift space. 
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Fig. 420 « Electron bunching ina 
reflex “lystrom 
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is ¢ = 2u - The mean time is therefore = £42 = 
r 


Zug . Anuo 
Ee 


5 


For oscillations to be maintained there must be a suitable 
phase relationship between the return of the bunches to the aperture 
and the oscillatory field which causes the bunching; i.e., f must 
have a suitable value, dependent on the «wnoer in which energy is 
fed into the cavity. 


Further, for optimum bunching the difference between the 
times spent in the drift space by the fastest and the slowest 
electrons should be approximately an odd multiple off - The time 


taken to bring to rest an electron which enters the drift space with 
velocity u is ? 3 the total tine it spends in the drift space is 
therefore an - Hence the time-difference for the festest and slowest 


electrons is 





“A A 
28-26% _ 2¥o+ a 2 Yon~ 
r ro r r 
An 
= 44, 
r 
aA 
Hence 4 = (2p + 1) rt where p is an integer 
2 
oo hE) 
“ 2f 
A 2p+i. He. 
= Md. . oF m QUTRPUT 


In order to set up 
the oscillator at a given 
frequency so as to produce 
the maximum amplitude it is 
necessary to adjust both 
% and Gg; i.e., both ug 
and E. Thus both resonatore oe 
cathode and resonator- 
reflector voltages must be 
variable, 





TUNING SCREWS 


Klystrons are Fig.421 - Reflex klystron (CV 35). 
still undergoing develop= 

ment, and details of 

design are not standard= 

ised, A type of tube in 

common use is snown in Fig. 421. 


2h. Desceri tion 


is a valve used for generating UH? oscillavions, 

a cylindrical cathode surrounded by, and coudcl 
The original magnetron had an undivided anode, 
a mumber of parallel 


the magnetron 
It has two electrodes; 
with, a cylindrical anode. L tror 
but practical modern inagnetrons have anodes split into 
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segments, equal in size, and separated by gaps. An electric 

field is established between anode and cathode. A magnetic field 

is applied parallel to the axis-of the electrodes, and is as uniform 

as conditions will permit over the whole space between them. Because 
of the magnetic field, the electrons do not move directly from cathode 
to anode, as in a simple diode, but are constrained to move in curved 
orbits, as described below. In virtue of this, electrona can be made to 
arrive at desired segments of the anode in such 4 manner as to give rise 
to and sustain high-frequency oscillations in tuned circuits suitably 
connected to the anode segments. 


Practical magnetrons are of three main typest- 


(i) The split-anode magnetron operating in the Dynatron 
(or Habann) mode. 


(ii) The split-anode magnetron developed by Megaw. 


(iii) The resonant cavity centimetric magnetron, as widely 
used in radar- 


(i) The Habann oscillator works with relatively high effic- 
iency (30 = 70%) up to about 600 Mc/s. It is not at 
present in use in service equipments, but a brief 
description of it is given as an example of how nega~ 
tive resistance effects can arise due to changes in 
field diatribution and in consequence of the electron 
orbits. (Sec. 26). 


(ii) This valve is a low-power magnetron, enclosed in a 
glass envelope of normal size and shape. In contrast 
to the Habann oscillator, it is a microwave generator. 
It is not used in British Radar equipments, and it is 
not dealt with in these notes. 


(iii) The resonant cavity centimetric magnetron is the only 
centimetre=wave oscillator so far produced capable 

‘of giving pulse powers of the order of megawatts with 

high efficiency. For operation on centimetre wave= 
lengths the tuned circuits are so small that they are 
embodied in the anode block of the valve and are not, 

in genéral, variable. Figs 422 illustrates the 
essential features of this type of magnetron. 


25¢ Electron Orbits 

The operation of any kind of magnetron is determined largely 
by the motion of the electrons in the anode=cathode space. The 
orbits of the electrons depend upon three factors, namely;= 


(3) the electric field due to the anode-cathode potential 
difference, 


(ii) the applied magnetic field, and 


(iii) the space charge effect, i.e., the forces which the 
- g@lectrons exert on one another. 


Early simple theories of magnetron operation which ignored (iii) were 
based on the calculation of the orbit of a single electron as follows:< 
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SECTION OF COAXIAL 
LINE CONNECTING 
MAGNETRON. TO LOAD 


DETAIL OF CAVITY 
CONTAINING PICK UP LOOP 


COUPLING LOOP LOCATED 
1/ IN THIS CAVITY 


CATHODE 


FLANGE ON TO* WHICH ENO PLATE iS 
SCCURED BY MEANS OF GOLD SEAL 


LEAD TO 
OTHER END 
OF CATHODE 


PEATHODE LEAD 


Pig. 422 = Typical hole and slot 
type magnetron with end plate 
removed. 
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Assume that the anode is a uniform cylinder. 


Let V be the potential difference between the cathode and any point 
distant r from the axis, 


Let u be the velecity acquired by a electron due to the accelerating 
effect of the potential difference V. 


Denote by suffixes a, k the values of V, u, and r at anode and cathode 
respectively. 


Let m be the mass and e the magnitude of the charge of an electron. 
It can be shown that 
xy 
Vv = ve Jog /Tk we sveiees de seeeseecacew Che 
leg Ta/ry 


Fig. 423 shows how V varies 
with r for the case where 
ry «K Ta e 


Since the kinetic energy 
acquired by the electren 
is ioe >» and the werk 


dene on the electrons is 
ev, 


du a eV, se that 








2 
ue/f/2e a . 
v Fig. 423 ~ Potential distribution 
. in the anode-cathode space. 
In particular, 


a = (frau U cca eMedneuvesanrweshacsiewexesesale)é 
: Ra 


Fig, 423 shows that, fer ry « ts the potential gradient is steep 
near the cathode so that V 4 Var and hence u 4 u, except within 
& shert distance ef the cathode, 


So far, only one factor influencing the electron orbit has 
been Giscussed, namely the effect ef the electric field between 
anede and cathode, Due te it the electron would move along a radius 
frem cathede to anode, with a:velocity which iucreases at first 
rapidly and thereafter, very slowly (Fig. 42h4(a)). 


Now if an electron moving with velocity u is subjected te 
a force F due to a magnetic field, of flux density 5B, perpendi~ 
cular to the plane of its motion 


F = Beu, 


and is mutually perpendicular te B and to u This causes the 
electren to move in a circular orbit, of radius P> given by 


mue 


Beu = — «ich eepseinieoietesaerue ak 


P 


Since, except within the region clese to the cathode, u is 
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approximately constant and equal to ug, it is valid, as a first 
approximation, to equate the value of u obtained from equation (3) 
to that for ug in equation (2). 


This gives . pa 
B= : or = /20V,, 
Va be eye 
Thus every electron leaving the cathode region commences to describe 
a path which is approximately circular. Whether or not the path 

is cempleted depends upon tke values of Va and B. Fig. 424(b) 

shows the case where p is very large; Fig. 42h(c) where, by increas- 
ing B, @ has been reduced te a > 80 that the electron just skims 


the anode, and Fig. 42h(d) shows e made small, by suitably increasing 
B. For the case ef Pig. 424(b), all electrons would reach the anode; 
whereas for that of Fig. 424(d) none would de so; i.e,, the valve 
current would be cut off. Pig. 424(c) represents the case where B 
is just large enough to prevent the electrons frem reaching the 
anode; i.e., the magnetron current is just cut off. The value of 
B required te achieve this is called the cut-off value B, and is 
obtained by puttingp = Za in the expression for B above. This 

2 


gives 


Be = a sie seb cas Gew sews aine cess nce (A)% 


B OUT OF PAPER 


S 





(9 ©) (c) (4) 


B INCREASING 





Fig. 424 ~ Single electron orbits with 
fixed Vg and varying B. 


(Actually, the orbits cannot be true circles, for the assumption that 
u is constant is only an approximation, The true orbit curves more 
sharply near to the cathode, and is roughly epicycloidal in shape). 


Pig. 425 indicates the circular erbits ef electrons, for Vg 
and B constant. It is seen that their centres lie on an eq. ipotent- 
ial surface coaxial with the cathode; and that a similar coaxial 
surface marks the space charge boundary. 


The existence of the space charge modifies the above theory. 
Electrons on their way out from the cathode are repelled by those 
nearer the anode, and are unable to execute the orbits so far 
described. Alse, electrons which are attempting to return to the 
cathode are prevented from se doing by those nearer the cathode. 

It is more probable that these outer electrons, since they cannot 
fall back into the cathode, nove in circular erbits around it. 
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Fig. 426 = Electron orbits 

28 modified by the space 
charge. 


——*——— ELECTRON ORBITS 


Fig. 425 - Electron orbits for 


a cut-off magnetron with Vg 
and B constant and uniform 


Fig. 426 indicates the electron paths obtaining when a steady anode 
voltage has been established, B ceing larger than the cut-off value. 
Tt is useful to regard the space charge region as composed of a 
number ef thin ceaxial cylindrical shells euch containing « large 
nuader of electrons waich revolve with the same angular velocity. 

The angular velocity depends upen Vg, B and the radius r of the shell. 
The greater r, the larger is the angular velocity of the electrons. 


Up to the present, only tue orvital conditions obtaining when 
Va is fixed have been considered, Figs. 424 and 425 indicating the 
orbits when space-charge effects are ignored and Fig. 426 when they 
are not. It may be shown that whichever orbit is assumed, much 
the same result is obtained, this result according well with the 
practical performance of the Habann oscillator. This oscillator will 
be examined from both points of view and thus the effect upon the 
erbits ef varying Vg will ve increduced. 


26. The Split-anode Magnetron 0 
Habann Oscillater 






perating in the Dynatron Mode 











Pig. 427 ~ The twomsegment magnetron. 
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This mode eccurs at frequencies such that the period of 
oscillation is long cempared with the time of transit ef an electron 
trem cathode to anode, and normally arises for waves lenger than about 
50 cms, In such circumstances it is valid to assume that, during 
their passage frem cathede te anode, the electrons are in a field 
that is approximately steady. 


Consider a two=segment magnetron, connected as shown in Fig. 
427, Suppose that initially each segment is at a petential Vy 
above that of tae cathede, B being largerthan B, for this particular 
value ef the anode voltage. Then Fig. 428(a) shows the equipotential 
lines and electren orbits under this circumstance, space-charge effects 
being ignored. - Fig. 428(b) gives similar infermation, but shows the 
concentric circular orbits which ‘appear reesonable if the space charge 
is taken inte account. In this latter case, the orbits follow the 
equipotential lines, whilst in the former, the orbit centres lie on 
an equipotential line. 


Bout of paper 


+100 
APPROXIMATE £100 +150 
ELECTRON 








oS So EQUIPOTENTIAL SURFACES 


ELECTRON ORBITS 





Fig. 428 - Orbits of a single 
electron in a split-anode 
magnetron. 


New let the peuential ef the uoper segment be raised to 
(Vo + V,), whilst that of the lower segment is reduced to (V, - Vj). 
The fieta configurations and equipetential distributions are con- 
sequently changed as inaic.ted in Pig. 428(c). In tne absence of 
space charge effects, the electruns still move in such a manner 
that the orbit "centre line’ is always approximately at rignt angles 
to the electric field; i.e., tnis line still corre.ponds to an 
equipotential line. Fig. 428(c) snows an electron orbit for such 
a case, and if the similar orbits of many electrons, leaving tne 
cathode at all parts of its surface, be considered, it is readily 
seen that more electrons will arrive at the lower segment than at 


the upper. 


If now the effect of space charge be considered, an electron 
at a (Fig. 428(c})will be prevented from moving in towards the 
cathode by other electrons and will therefore be constrained to move 
on a path approximating to the envelope of tne orpit such as that shom 
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in the figure; i.e., the orbit itself tends to follow an equi~ 
potential line. Electrons in other portions of the anode-cathode 
space similarly tend to follow equipotential lines. Hence the 
introduction of the effect of the space charge, whilst it modifies 
considerably the individual electren orbits, in no way alters the 
vonclusion, viz, that more electrons arrive at the lower potential 
segment than at the higher. Further, it can be shown that if the 
circular orbits assumed in the presence of space charge (and fixed 
Va) be postulated, the cut-off value of B is given by 


ee 
Ta 


e ed 


and if ry > x, this reduces to equation (4), wnich was obtained 
on the assumption ef an entirely different orbit. This fortuitous 
agreement has been largely responsible for the continued neglect of 
consideration ef space-charge effects as in the early magnetron 
theories, but, although such omission leads to negligible errors, 
except in the orbit concept, for the Habann oscillator, it gives 
erroneous results for the resonant cavity magnetron considerea in 
Secss 27 =~ 42. 


Before preceeding to this case, it is instructive to consider 
how, in the Habann escillator, the conditions required for the main= 
tenance ef escillation are fulfilled. We have seen that more elec- 
trons arrive at the lower petential segment than at the higher. That 
is, referring to Fig. 427, the existing negative charge on tne lower 
cendenser plate is increased because of this, by an amount (say) AQ. 
If the instantaneous value of the RF voltage on the condenser is v, 
its RF energy is thus increased by 5 v.4Q. By arranging that 


mest electrons arrive at the lower segment when C is fully charged 
(i.e. when v has its maximun value) the greatest possible increment 
ef energy is given to the tumed circuit. Half a periodic time later 
the upper plate of the condenser will be negative with respect to 

the lower; and at this instant the mjority of the electrons will 

be arriving at the upper plate. Thus the oscillatery circuit 
receives increments of energy due te the arrival of electrons at the 
right time. Hence dissipation in tne tuned circuit (or in whatever 
load is coupled to this circuit) may be made up by the magnetron. 
Simce the current through each segment is antiphase to its RF voltage, 
the magnetron benaves as a negative resistance element; this accounts 
tor the name “Dynatron mode" often used to describe this kind ef 
magnetron operation, Tais mofie can be efficient only if the electron 
cathode-to-anode transit time is negligible compared with the periodic 
time, fer only then will each increment of charge be received when 
the cerresponding segment voltage is at a minimum, 


27. The Resenant Cavity Centimetric Magnetron 


The cow truction of a typical magnetron of this type is 
indicated in Fig. 422. The tuned circuits are holes and slots cut 
in a solid beryllium-copper block; Pig. 429 illustrates some common 
anode block constructiuns. Considering onehole and slot apart 
from the remainder, we may regard the slot as a condenser, since 
most ef the electric field is located at it, and the hole as, roughly, 
a single turn coil, Thus a single hole and slot constitutea reson- 
ant circuit. The equivalent circuit of the magnetron as a whole is 
more camplicated than this, not only because there are many cavities, 
but also because they are coupled one to another in a complicated 
manner. Firstly there is mutual induction between the holes, since 
magnetic flux emerging from the top of one hole passes through an 
adjacent one te form a closed loop, (see Fig. 450(a)). Also, there 
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() “RISING SUN” VANE TYPE OF BLOCK (d) RISING SUN HOLE & SLOT TYPE OF BLOCK 


Big. 429 - Types of anode block 
construction in use. 


are capacitances to the end plates and to the cathode, giving rise 
to capacitive coupling between the cavities. Coupling also occurs 
through the medium of the space charge itself. Since an Nesegment 
magnetron may be regarded as having @ sim ple equivalent circuit 
given roughly by placing the Nesegments in pamllel,the resultant 
equivalent lumped circuit has a capacitance N times and an inductance 
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1 
¥ th of that of a single 


cavity. Thus the oper 
ating frequency would 
appear to be that of a 
single cavity. In 
practice, whilst the 
cavity dimensions are (Q) MAGNETIC(NDUCTIVE) COUPLING 
the most important BETWEEN HOLE AND ITS NEIGHBOURS 
single factor in deter= 
mining the frequency 
of operation, they are 
influenced materially 
by the space-charge 








cloud, as well as by THODE, 
the values of the —— 

applied voltage and ELECTRIC (CAPACITIVE) COUPLING BETWEEN SEGMENTS 
the magnet ic flux AND END-PLATES (LEFT-HAND SKETCH) OR BETWEEN 
density. Hence it SEGMENTS AND CATHODE (RIGHT-HAND SKETCH) 


is necessary to 
consider in some 
detail the behaviour 
of the space charge. 


28, The Single Stream Steady State 


The following account is now generally accepted as describing 
what occurs in the anode-cathode space of a resonant cavity magnetron. 
It is based on the concept of the Single Stream Steady State. Each 
electron is assumed, if Vg is constant, to be moving in a circular 
orbit about a point on the axis as centre. If Vz, is wried the 
electronschange their orbital radii accordingly. It is assumed that 
the changes of anode voltage occur so relatively slowly that the 
electrons immediately move into the orbit corresponding to the new 
value of Vg, so that any instantaneous condition is virtually a 
"steady state", i.e. one obtaining with fixed Vz. Since magnetrons 
are pulse-operated, the validity of this assumption might appear 
doubtful; but present pulse technique cannot produce modulating 
pulses rising to their full value in less than about 0-025, 
Electron orbits can automatically adapt themselves to changes of 
this order, so that a succession of "steady" states occurs as the 
pulse is applied. Hence at any point in the space-charge region 
the electrons are, at any instant during the change, either all 
going towards or all going away from the cathode. fois is the 
distinction between Single Stream and Double Stream steauy states, 
for under the double stream condition some electrons may be moving 
through the point towards the anode and others towards the cathode. 
Analysis has shown that the latter condition would obtain if the 
pulse rise were instantaneous. Since we have not yet approached 
sufficiently near to this condition for the single stream state to 
be invalidated, the possibility of a double stream steady state will 
hereafter be disregarded. (It may be noted that the early concept 
of electrons hurtling among one another in an interweaving of epi~ 
cycloids implied a double stream state). Also, with the rates of 
rise of the modulating pulse encountered in practice, it is not 
necessary to differentiate between CW and pulse operation. 


29. Behaviour of the Spuce-Charge Cloud when the Anode Voltage Varies 


So far, discussion has been limited to the operation of the 
magnetron with Vg fixed. The next step is to consider what nappens 
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(b) COUPLING BETWEEN SEGMENTS. 


Fig. 430 = Coupling between segments. 
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to the space-charge cloud when oscillations of the tuned circuits 
(cavities) cause the anode voltage to vary. 


Any disturbances at the anode, resulting in oscillations, 
sets up a voltage psttern upon it, This pattern can be analysed 
into component waves revolving at different angular rates around 
the anode surface, 


One of these component waves roughly in step with a part- 
icular "electron shell" (see Sec. 25) may cause considerable dis- 
tortion of its cylindrical form This distortion in turn affects 
the motion of other electrons. It can be shown that electrons 
between this shell and the anode, and which, with constant Vz, move 
faster than tiose in it, are slowed up when the space charge cloud 
is deformed, and that those nearer the cathode have their angular 
velocities increased. Thus the electrons outside the "in=-step" 
shell give up energy whilst those inside gain energy. If the 
outer electrons give up more energy than is acquired by those 
nearer the catnode there will be a net loss of energy by the space 
charge, and if this energy can be taken up by the tuned circuits a 
means of sustaining oscillations is provided. This condition, 
although necessary, is not sufficient, for the energy of the space 
charge must be replenished from the DC source. This can be 
achieved only if the deformation of the space-charge cloud is 
sufficiently great to cause electrons, in sufficient numbers, act= 
ually to reach the anode, and this clearly depends upon the value 
ef Va. (It depends also upon the nature of the voltage pattern 
around the anode.) 


Before considering the factors isentioned above in greater 
detail, a rough picture of the part played by the space charge, 
and of the operation of the magnetron generally, may be obtained 
with the aid of the follewing analogy. 


30. The Electrometer Analogy 


Consider a light paddle-shaped vane (Fig. 431(a)} supported 
by a torsion heed and deflected by the charged surfaces ABCD. The 
vane takes up a position of equilibrium determined by the deflecting 
torque due to the system of charges, and the restoring torque due 
to the suspension, (Tnis is a form of what is generally known as 
a quadrant electometer). 


If the constraint on the vane is removed and the cylindrical 
outer surface rotated, the vane will keep step with the rotation. 
Alternatively, the same result could be achieved by the use of a 
commutator in the leads to the segments, arranged so as to reverse 
the charges periodically. Such a system can be regarded as an 
elementary moter and could be made te perform work. 


Conversely if the rotary vane in the arrangement shown in 
Fig. 431(b) were driven by an external moter, charges would be 
induced en the segments as indicated, and would vary periodically. 
The resulting voltages would cause currents to flow jn the external 
circuit. Such a system is clearly a simple generator, and could 
be made to supply power to a load, 


In the magnetron there is a state of affairs resembling this 
in several respects. The segments of the electraneter correspond 
to the anode segments of the magnetron, and the charged vane to the 
rotating space charge. Figs. 432(a) and (b) show the space charge 
distorted due to the segment potentials, for the 4-segment and 
8=segment cases. It will be noted that in neither case shown could 
oscillation be maintained, for no electrons reach the anode, and 


441 


Chap. 8, Sect. 30 





Fig. 431 - The electrometer Pig. 432 =~ Space charge deforma~ 
analogy. tion in the magnetron. 


and hence no energy is being supplied to the space charge. Fig. 
432(c) shows the cloud sufficiently distorted for this to oceur. 
Under this condition there will be an inwards radial Plow of 
current in the magnetron (corresponding to the outward flow of 
electrons). This current flows under the influence of an external 
magnetic field, and the space charge is accordingly constrained to 
to revolve. (In the case shown, the magnetic flux is out of the 
paper, and the consequent motion is counterclockwise). Thus ve 
have an effect equivalent te the driving motor in the analogy. 
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31. Modes ef Oscillation 





It is next necessary to consider in further detail the voltage 
pattern on the anode referred to in Sec. 29, Gommon anode block 
arrangements have been shown in Pig. 429. Consider that of Pig. 429 (a). 
If a slot, regarded as the condenser of the equivalent tuned circuit, 
be charged up in some way, the cavity will oscillate at its natural 
frequency. Now such a cavity has many pessible modes ef escillation, 
and in a magnetron the existence of other cavities all coupled by 
magnetic and electric fields and by the space charge, complicates the 
preblem considerably. 


The simplest and commonest mode is one in which at any instant 
alternate segments are at equal and opposite RF potentials, i.e. 
there is a passe difference ef 180° (x radians) between adjacent seg= 
ments. This mode is commonly called then=- mede. The instantaneous 
potential ef any segment varies sinusoidally with time. Fig. 433(a) 
shows the instantaneous voltage distribution areund the anode at 
intervals ef one ecighthef a periodic time T, fer an cight~segment 
magnetren, the segments being drawn for convenience in a straight 
line, Whereas the time variation of voltage at any point en the anode 
is sinuseidal, the veltage distribution plotted against distance round 
the anode is not, That is, the veltage pattern is a sinusoidal time 
variation, ef amplitude varying periodically with the angular dist= 
ance; i.e., it is a standing wave. Further this standing wave can 
be analysed inte a series of spatial harmonic compenents, cach of 
which can be regarded as consisting of two identical travelling waves 
moving round the anede in opposite directions. Thus, if we take 
the = mode here considered’, and restrict our attention te the 
travelling waves comprising the primary er fundamental spatial 
harmenic only, we shall obtain the results shown in Pig. 434(a). If 
all the spatial harmonics were included, the waververms of Fig, 
433(a) would result. 


The primary cumpunent in the standing wave so far considered 
would have 4 complete reveats around the anode, This is knew as 
its mode number, n. Thus the7= mode in an 8 segment magnetren is 
also the mode for whica n= 4; whereas in a lO-segment mgnetren 
the %~ mode would he tne ene for which n = 5, since there weuld 
then be 5 complete .cyeats around the anode, ; 


n may have any value, i.e., any phase difference may exist 
between adjacent segments, provided enly that the tetal phase 
change round the block is a multiple of 360°, Then each canponent 
travelling wave will have # number of repeats wm, given by nj= oN+ n 
where N is the number of segments and m any integer (positive er 
negative, a negative answer cerresponding to a compenent in the 
epposite direction). Thus if we take the case so far considered, 
where n= 4 and N = 8, = 4 (form= 0), 8 (form= 1), 12, 16, 
etc., also ny ==4, 8, -I2 etc. for negative values of m The 
cemponent for which ny = 4. is called the primary reverse component, 
and by combining this with the primary ferward component (nz = 4) 
we have obtained the resultant curve ef Pig. 434(a). Adding in 
also all the other travelling compenents would have preduced Pig. 
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In a similar mamner the Pigs. 434(b), (c) and (a) nave been 
produced, for the cases n= 3, n= 2, n= l respectively. For 
putting n= 3, N = 8, m= =1 we obtain n; =-5 for the primary reverse 
component, These are shown in Fig. u3k(b), which leads te Fig. 
434{b) if these and all the other travelling components are added. 
The reader is left te confirm for himself that the correct values 
for the primary reverse modes have been taken in Fig. 434(c) and 
434(4) , and that these results would lead to the anode waverorms 
shown in Figs, 434(c) and 434(d). 
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Fige 433 - Standing waves of 
voltage on a magnetron anode. 
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MAGNETRON SEGMENTS. 
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Fig. 434 — Primary components of standing 
waves of voltage bos an Ge-segment magnetron 
anode, 


Since an apparently iwfinite number of modes appears, from 
the feregoing, te be pessible, it is next necessary te consider how 
it is that a given magnetron can be made te operate in (say) the 
Temede, as is mest usual, 


32. nitiation ef Oscillatien - The Energy Transfer Criterion 


It has already been stated (Section 29) that variations in 
the anode petential cause the electrons in the space-charge cloud to 
be disterted in their orbits, and that an electron shell roughly in 
step with a compenent ef the anode waveform is markedly affected. 

Now, since the farther the electrons are away from the cathode, the 
faster they meve in their circular (comstant Va) erbits, a sudden 
*pulling-out"” tewards the anede of seme electrons will cause those 
nearer the anede te pile up en these drawn out towards it. Thus, 

net enly will this lead te the “star-fish" shape of the space-charge 
cloud indicated in Fig. 432(b), but it will cause a retardation of 

the outer electrons, which will tend to assume approximtely the 

gam angular velecity as the compenent ef the anode waveferm consid- 
ered. Thus these outer electrens will give up energy. Electrons 
nearer the cathede than these in the shell most affected will increase 
in angular velecity, ani hence acquire additional energy. For oscill=- 
atiens te be initiated the energy given up by the gace~charge must 
exceed that taken from it. This requires that an adequate proportion 
ef the space charge must lie outside the shell which is in synchren- 
ism with the anode waveferm compenent. It can ‘be shown that whereas 
the distribution ef the space charge clearly depends on Vg (assumed 

- eonstant) the radius of an electren shell in which the electrons 
travel with a definite velecity dees not. For a mode of oscillatien 
with frequency f and mode-numoer n the synchrenous velecity is a 
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Pig. 455 - Distribution of anode voltage 
and charge under oscillatory conditions. 
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function of f/n. The radius of the shell moving with this velocity 
depends on B and ry but not on Vg. Also, the larger n,the smaller 
is this radius. 


The magnetron must therefore be operated with V, large 
enough so that the radius ef the space-charge clouwl is greater than 
the radius ef the synchronous shell by an amount sufficient te 
ensure the transfer of energy frem the space charge to the cavities. 
This condition will be termed the Energy Transfer Criterion, The 
value of Vg required to satisfy this criterion will be called the 
"Energy Transfer Potential", Since the radius ef the critical 
shell is smaller the larger the walue of n, to operate the magnetren 
ina high erder mode necessitates a smaller anode voltage than opera- 


ting it in a low order mode: 


also, if Vg be steadily increased, the 


energy transfer criterion is satisfied successively for lower and 


lewer order modes. 


‘All cemponents of the anode waveform affect the electren 


cloud to seme extent. 


But only a forward component, i.e. one 


moving in the same direction as the space charge as a whole, can be 


in synchronism with an electron shell. 


Reverse compenents have 


little effect on the general motion of the space charge as a whole. 
Further, it can be shown that the potential Vj due to a wave comp- 
onent n,, at a point within the space charge, distant r fran the 


axis, increases with ( ya se that, except near te the anode, 
the contributions to V made by. lew values of ny Will be larger than 


these made by high values ef n}. 


Hence it appears that, frem these 


considerations alone, the primary ferward mode would cause the 
greatest distortion of the space-charge cloud. 


It remains te be shown that the energy available when the 
energy transfer criterion is satisfied can actually enter the 
cavities; i.e., that the pewer flux is directed into them. In 
erder to see this, consider again the 8=«segment magnetron, operating 


in the n = & mede. 


We shall again take only the primary compenents, 


as shown in Fig. 435, in which the components of Pig. 434(a) are 
repeated, Also-we shall assume that the primary forward component 
is the major effective component for the initiation of escillation, 
In Fig. 436, the conditions in the magnetron at time t = are 


illustrated, The line OA 
is drawn through the inst- 
anteneous crest of the 
primary ferward component 
ef the anede waveform: 

OB through the trough. 

It is shown in the full 
mathematical theory ef 
the magnetron that the 
aggregation of electrons 
takes place in such a 
manner that the bulges 
in the distorted space=- 
charge cloud are always 
ahead of crest lines 
such as OA. At points 
en the anode opposite 

to each bulge there will 
be, by induction, a 
local increase in the 
positive charge on the 
anode, and, correspond= 
ingly, there will be a 
local reduction in the 
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Fig. 436 - Induction of charges on 
the anode by rotating space churge. 
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charge on the anode opposite each trough in the space-charge cloud. 
Thus, superposed upon the positive charge on the anode due to the 
applied voltage, there will be a variation of charge corresponding 

to the deformation of the space charge. his variation is indicated 
en Fig. 436 by plus and minus signs. 


The spatial distribution ef induced charges on the anode must 
be periodic, and in the case taken will have four periods round the 
anode. In the diagram (Fig. 435) enly the fimdamental component of 
this distribution is shown, as this is the only component which 
contributes appreciably to the output power. As the primary forward 
component ef voltage moves round the anode, the space charge deform- 
ation, and: therefere tae variation of charge on the anode, moves 
with it. The distribution of charge at later instants is shown in 
Figs. 435(b2) ana (b3). 


Consider a particular gap XY. The spatial distribution of 
the anode voltage at successive instants is shown in Figs. 435(al), 
(a2) and (a3), and the corresponding time~variation of the voltage 
acress the gap XY is shown in Fig. 435(c). The relation between 
the component of the charge distributien and the potential of X 
relative te Y may now be deduced. Since the charge distribution 
is moving round the anode in an anticlockwise direction, there is 
a cemponent of current flow at every point on the anode, proportion=- 
al te the corresponding canponent ef instantaneous charge density 
at the point. Hence the graphs of Pig. 435(b1), (b2) and (b3) my 
be interpreted as current distribution round the anode, instant by 
instant, a current flowing in an anticlockwise direction being reck= 
oned as positive. The manner in which the current flowing from X 
te Y, i.e. around a cavity, varies with time may be deduced from 
these graphs, and is plotted in Fig. 435(4a). 


Fig. 437 shows the particular cavity considered. WhenX is 
positive with respect te Y the direction 
of the electric field across the slot is 
as shown by the arrow E. Hence if 
electric field strength is regarded as 
positive in the direction of the arrow, 
Fig. 435(c) may be usefully taken as 
a graph ef electric field intensity. 
When the current reund the cavity 
(Fig: 437) is pesitive the direction 
ef the magnetic field is as shown by H 
(out ef the paper). Heme if 
magnetic field intensity is regarded 
as positive in this direction, Fig. 
435(d) may be taken as a graph of 
magnetic field intensity. 





If the cavity were resonating 
Without gain er loss ef energy, the 
time-phase relation between E and H 
would be a quadrature ene. But Fig. 437 = Power flux 
superpesed on the magnetic field due into cavity. 
to resonance ef the cavity, there 
is in the magnetron an additional 
magnetic field produced by the mechanismdescribed above. Comparison 
of the graphs ef Figs. 435(c) and (d) shows that the phase of H 
differs from that of E by @ phase angle less than 7/2, so that H has 
compenents beth in quadrature and in phase with E, The former 
indicates that the electronic mechanism of the megnetron modifies 
the resonating field in the cavity and hence affects the frequency 
ef escillatien, It is one reason why resonant frequencies measured 
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with the cold olock dirfer.appreciably fron those obtained wnen the 
magnetron is actually in use. It is also a reason why tne magnetron 
frequency is sensitive to changes in anode voltage. 


The in-phase component indicates 
that there is a flow of energy, and the 
direction of the power flux P is obtained 
from the usual consideration, i.e. that 
E, H and P form a right handed system. 
(see Pig. 438). Thus, in Fig. 437, the E 
power flux is directed into the cavity. 
Ic is thus possible, provided Vg, has the 
required value, with due regard te n, for 
energy to be transferred from the space POWER FLUX 
charge to the resonating cavities. 





It should be stated that the 
precise behaviour ef the electrons in 
the shell most affected by the anode H 
waveform, and also the exact location 
of toils shell, is not yet firmly 


established, There are some d.iffer- Fig. 438 - Relative 
ences in the views held by various dispositions of the 
research workers. It is, however, electric, magnetic and 
agreed that, although a certain shell power flux vectorse 


(oc shells) may have greater imuport- 

ance than others in the operation of the magnetron, the essential 
factor is the behaviour of the space-charge cloud as a whole, 
Oscillations are possible only if the cloud gives up more energy 
than it gains; and this condition can be achieved,in a particular 
uode, only if Vg bas sufficiently high value; that is, if the 
energy transfer potential is exceeded, 


33. Maintenance of Oscillation; The Energy Supply Criterion 


As already observed, oscillations can be maintained only if 
the energy transferred fron the space-charge cloud te the cavity is 
replenished from the HT supply; i.e. some electrons in the space= 
charge cleud must have sufricient energy to reach the anode. 


This condition, wnich will be termed the Energy Supply 
Criterion, may be determined mathematically, and it is found that, 
as in the case of the energy transfer criterion, ¥, must be greater 
than a critical value, called the Energy Supply Potential (or Thres- 
hold Potential). This potential also increases with the ratie 


Z, so that as Va is increased fran zero the energy supply eriterion 


is satisfied first for the higher order modes and successively for 
those of lower order. For given values of f, n and B the energy 
transfer and supply potentials are not the same. 


34. The Two Criteria Combined 

It follows from Secs. 32 and 33 that for a magnetron to 
oscillate continuously in a given mode its anode supply voltage 
must exceed both the energy transfer and the energy supply potentials. 


It has been previously stated (Sec. 26) that Bg, the cut-off 
value of B for a given V,, is given by 


BR = / on Va j 
TK, 2 


e(m- +) 
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so that Vg oc Bg*. Hence the curve showing the variation of 

Bo with Vg is a parabola, indicated by 03, Fig. 439. Further, it 
has been mentioned already that the energy supply potential depends 
upon both B and n, It can be shown that for given values of n 
the graphs of the energy supply potential against B yield straight 
lines woich are tangential to the cut-off parabola, as shown, 

(fhe points of contact are calculable, and are nearer the origin 
the larger is the value of n). Corresponding graphs showing how 
the energy transfer potential varies with n are shown by the dotted 
lines in Pig. 439. 


For a given Va and B, a point may be plotted on the composite 
graph representing the operating conditions. For example, Pig. 439 
shows that, for the point P, 


(i) V, is insufficient to cause all electrons to reach the 
anode; Vg would have to be increased to the ordinate 
of S for this to happen. 


(ii) that the energy transfer potential for n= 5 is exceeded 
(iii) that the energy supply potential for n= 5 is exceeded 
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Pig. 439 - Operating con@itions for an 
unstrapped magnetron. 
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(ii) and (iii) combined given the information that oscillation 
in the n = 5 mode is possible. The diagram also shows that oscilla- 
tion in any lower order mode is not. With the working point at P, 
however, not only ‘are the conditions for oscillation in the mode 
n= 5 fulfilled, but so also are those for all higher order modes. 
Thus the coexistence of several modes appears possible, Actually 
this does happen, and has a deleterious effect which has to be 
minimised; (see Sec. 35). However, the deformation of the space 
charge is greater the smaller the value of n so that, although other 
modes might well be present, the mode n = 5 would predominate in the 
case indicated. 


To operate the magnetron in the n = 4 mode with fixed B weuld 
involve raising Vg so that the working point was (say) T. It is 
possible to show, however, that for efficient operation Vg should be 
as near as possible to the energy supply potential. In any mode 
for which the energy transfer potential considerably exceeds the 
energy supply potential, as with the n = 4 mode here shown, working 
would be inefficient. It would be better in the case shown to work 
in the mode n= 5 orn = 6, 


Consider Vg raised quickly, but not_instaritaneously, from zero 
te its working value. Then V, rapidly passes through the conditions 
for oscillation in the modes given by n= 10, 9, 8, 7 etc., operation 
in these medes becoming more inefficient, and in some case ceasing 
altogether as Va rises. These different modes will, in general, 
cause the magnetron te operate at different frequencies, se that opera 
tion at the desired frequency may not take place until seme short 
time after the pulse has been initially applied, The ensuing delay 
between the application of the modulating pulse and the transmissien 
of the RF pulse at the correct frequency might lead to Range errors 
if not allewed for in the timing system 


The coexistence of several modes, operating at slightly 
different frequencies is undesirable, and is minimised by Strapping. 


35. Strapping 


The purpese of strapping is to minimise the ceexisting modes, 
both in number and in magnitude of oscillation. It is done by 
connecting short conductors between pairs ef segments, the seguents 
so connected being separated by a third. In a generel way it is 
easily seen that jeiming segments in this manner will tend to favpur 
some modes rather than others, For example, if an S-segment magnetron 
be taken and alternate segments: joined as in Fig. 440, the \ -mode 
(n = 4) is favoured, since this implies a phase difference between the 
strapped segments ef 2%. Fer the mede n = 5 the phase difference 
would be 2 » a condition impessible if the segments are short-circuited 


Strapping is, however, not aga simple as is kere implied, since the 
straps cannot be regarded as simple shert-circuits, For each strep, 
being a conductor, has inductance, and since it passes ever the 
separating segment, capacitance exists between it and this segment. 
Thus the presence of the strap alters the frequency at which a 
particular mode operates, In the = mode the atrepped segments are 
at the same potential, and hence the strap carries negligible current; 
se its inductive effect can be ignored. Its capacitive effect 
cannot; hence the frequency corresponding to the X-~mede is lower when 
the magnetron is strapped than when it is not, by an amount largely 
determined by the strap position relative te the block, If the 
mode n = 5 arose there would be current through the strap; se its 
inductive effect would be important, as would its capacitive effect 
alse. Hence although the general effect of strapping is to change 
the frequencies at which modes arise, such changes will usually be 
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Fig. 440 = Strapping systems. 


different for the several modes. Thus the different modes are 
separated in frequency by strapping; and the conditions in the 
‘magnetron system aa a whole, and in particular the selectivity of 
the lead, may then be adjusted so that matching is achieved at the 
frequency ef the required mede; (normally ef the lowest order 
possible, and most commonly the %-mode). 


The suppression (or minimisation) of all but the wanted mode 
markedly increases the efficiency, For example, it has been explain- 
sd that, if Va is such that the operating point is almost on the 
a= 5 energy supply potential line of Fig. 439, any n= 6 (or higher 
mode) output must be inefficiently produced, Hence its contribution 
te the total magnetron output must reduce the everall efficiency. 
Since strapping, by diminishing the unwanted modes and separating 
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them in frequency, tends te make the output consist almost entirely 
of the required efficient modes, its intreduction results ina 
very considerable increase in the overall efficiency of this type 
ef magnetren. . 


Referring again to Fig. 439, it has been stated that working 
in the n = 4 mode (at point T) would be less efficient than working 
in the n = 5 mde at peint P, Whilst this is true fer the unstrapp- 
ed magnetren, it is not true for the strapped magnetren, to which 
Fig. 439 would net apply. This is because the value ef the energy 
supply petential for a given B and n depends upen frequency, and hence 
changes with strapping. 


Some cemmon ferms of strapping in practical use are shown in 
Fig. 440. 


Strapping alse prevides a means ef pre-tuning, i.e, setting 
up the magnetren on a spot frequency berore it is sealed eff. The 
lid is kept eff and Cw from a klystron oscillator at the desired 
frequency is injected into the magnetron threugh the coupling loop. 
The straps are then bent until the magnetron resonates at the 
required frequemsy, this condition being determined by the use of a 
resonance indicater in the coaxial line from the klystren te the 
magnetron, (Allewance has to be made fer the difference in freq~ 
uency eceasiened by the presence ef the 11d and the space charge, 
in the operating mgnetren; but eapirical rules enable this to be 
done with the required accuracy). 


The emission of one er more straps from an otherwise symmet- 
rical system, er intreducing a break in a strap (or straps) can 
have a marked effect on the response of a magnetren at seme particular 
mede er modes. Strap emission is sometimes made necessary by such 
practical factors as the pesition of cathode leads etc, 


36, Effect of Anode Length, and of End-Plate Distance 


The length of the anode and the distance between it and the 
end plates influence the frequency of the various modes; Figs. 41 
ana 442 indicate the extent of this effect. The fact that the 
anede-te~end-plate distance affects the frequency ef operation is 
made use ef in tunable magnetrons, ene form ef which has a thin 
lid the centre of Which may be depressed and the frequency thus 
changed. In this way a change ef abeuws 150 Mo/s in 3000 Mo/s can 
be achieved. Another form ef tunable magnetren has metal reds 
which can move in and eut of the anode bleck, thus altering both 
its effective length and the anode-te-end-plate separation. 
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37. Qutput Couplings 


The output is conmenly 
taken from a magnetron by 
means of a coupling loop, made 
by bending round the inner of (a) 
the ceaxial output line and 
soldering it on to the outer 
(see Fig. 422). The output 
can then be adjusted by 
turning the loop, thus varying 
the magnetic flux linkage. (b) 

At 3 cm and shorter 
wavelengths it is not pract- 
icable to make loops small 
enough to be located within 
the cavity in this manner, 
and the methods inlicated in 
Fig. 443 are used, (a) 
shows a loop inductively 
ceupled to the cavity; in 
(bo) the eutput conductor ~ 
is attached to the upper 
surface ef one of the seg= 
ments of the anede block; 
aid dn (3) £6 one of Es 3 Cm OUTPUT COUPLINGS 
ring straps cemmenly used 
at these wavelengths., . 
Fig. 443 = 3 cm. output 


38. Cathode Peatures coupling. 


The turbulence of the electron clowl in an operating magnetron 
is vigerous enough to force a prepertion of electrons back to the 
cathode with increased energy. There is consequently additional heat 
dissipated at the cathode and a possibility of cathode disintegration. 
The energy dissipated in this way is sometimes so large that, after 
an initial warming-up period, it is possible to reduce the magnetron 
heater supply, er even switch it eff entirely. The cathode must be 
rebust to withstand the bombardment, and is commonly made by using 
a@ nickel mesh as a foundation and filling this with emissive oxide, 


39. Pulse Operation ef Magnet rons 


In most radar applications magnetrons are required to produce 
high pewer RF pulses of short duration, tais being normally achieved 
by applying to the cathode approximately rectangular negative-going 
pulses, of che required duration. This is preferable to applying 
positive going pulses to the anode, which it is usumliy convenient 
to earth, The pulses should be steep-fronted and have a rapid die- 
away, to minimise the effect of unwanted medes set up when V, is 
changing. (See Sec. 34). Théy should also have a flat top, since 
changes in Va during the oscillating period.can seriously affect 
frequency, efficiency and output power. 


40. Magnetron Characteristics and Rieke Diagrams 


Two methods are in common use for presenting magnetron per= 
formance, namely, Magnetron Characteristics and Rieke Diagrams, 
Magnetron Characteristics are drawn in Cartesian Coordinates, the 
modulating voltage applied to the magnetron in pulsed operation being 
graphed against the value of the valve current I, during the pulse, 
Contours of constant flux density B and contours of constant RF out- 
put power are drawn, Sometimes efficiency contours are also included. 
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An example of a set of magnetron characteristics is given in Fig. 
44. (It is seen from this that to obtain high efficiency it is 
necessary to have a high value of applied voltage and magnetic 
flux density. For constant B there is an optimum value for Ve 
beyond wnich the efficiency begins to fall. 
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Pig. Abd = Magnetron character- 
istics. 


Whereas Magnetron Characteristics indicate magnetron perform 
ance under conditions of varying Vg and B, the load being always 
adjusted for maximum output power, Rieke Diagrams show perfomance 
for fixed Iz (or V,) and fixed B for variations of load impedance. 
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uxx Rieke Diagrams 


Consider the masnetic field strength and pulse aaplitude 
to be constant. Then’ variation of load impedance over all possible 
values of resistance and reactance will cause changes in valve 
current, peak power output, efficiency, frequency of operation, and 
frequency stability. Corresponding changes occur if the current is 
fixed and the voltage varied. It would be possible to plot these 
variations as contours on Cartesian axes representing values of 
resistance and of positive and negative reactance; but it is more 
convenient to plot them on a Polar Circle Diagram as shown in Fig. 
445. This has the advantage that the effect of a loaded output 
line or waveguide can be taken into account on the same diagram when 
performance is being deduced in a particular case. The normal 
circle diagram technique is then employed to transform the impedance 


to the output loop so that the corresponding performance can be 
recd off. 


RESISTANCE CIRCLES 

Radius = Tes, 
i 

centre (-7+5, 0) 


where S = SWR 
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Fig. 445 - Rieke diagran, 
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In the Polar Circle Diagram, the complete circles represent 
circles of constant resistance and the arcs orthogonal to these 
circles, constant re-ctance. An important property of this circle 
diagram is that when the line is terminated in a load represented 
by the point P, the magnitude of the reflection coefficient p of 
the load is represented by OP, and the phase change on reflection 
is given by J (see Fig. 4). 


Hence circles centred at O are circles of constant 9 . 
These are also circles of constant standing wave ratio since reflect~ 
ion coefficent and standing wave ratio are interrelated (SWR. = 
: = 5 ). The vertical axis is scaled in terms of the standing 
wave ratio. 





The following important points arise from the diagram, 
In the example taken, the region of highest power lies at A. Follow- 
ing the constant-p circle from A to the vertical axis reveals that 
the corresponding standing wave ratie is not unity. This implies 
that the line or waveguide is mismatched; and this is due to the 
fact that the optimum load for the magnetron at the output loop is 
different from the characteristic resistance of the line or waveguide. 
In order to match the magnetron output impedance to the line or wave~ 
guide, many modern magnetrons have a »uilt-in matchng device at the 
output loop. In the region of A the frequency stability is poor 
because the frequency contours converge, so that a small change in 
loading causes a comparatively large change in frequency. Hence 
operating the magnetroa to obtain maximum output power makes good 
frequency stability impossible. 


The operating conditions of the magnetren and the maximun 
efficiency at which it can be operated depend upon the characteristics 
of the magnetron and its load; i.e. the radar system of which the ~ 
magnetron is part. The particular features of the radar system that 
are important are the modulating voltage and pulse shape, the type 
of receiver employed (e.g. whether there is Autamtic Frequency Control 
er not), and the maximun standing wave ratio that may be set up in 
the feeder system due to joints, spacers, and variations in loading 
eriginating at the aerial array. 


Suppose,for example, that the standing wave ratio on the line 
er guide is subject to wariation between 1 and 1°5, due, perhaps, to 
a@ variable termination of the line caused by a faulty scanning systen. 
This varistion of the SWR ef necessity causes fluctuations’ in the 
magnetren frequemy. If automatic frequency control (see Sec. 49 = 
53) is not employed at the receiver this may seriously affect the 
performance of the radar system. Suopose that a frequency change 
of 10 Mc/s is permissible. Then, since a SWR of 1-5 corresponds to 
. P 2 002, the magnetron can be operatei under such conditions that 
the constant- 6 circle of radius 0*2 does not cover more than 10 Me/s 
change in frequency contours. 


Al. Frequency Stability and Pulling Figure 


Frequency changes in an operating magnetron can be traced to 
several causes. As has already been pointed out, variatien in input 
conditions produces a change in frequency. As this variation also 
results in a change of anode current, the effect is called Current 
Pulling and is of the order of O*1 to 1 Mc/s per ampére for 10 and 3 
cm. magnetrons, Variation in anode block temperature also causes 
a frequency change because of the expansion of the bleck. The 
change is roughly propertional to the change in temperature and the 
coefficient of linear expansion of copper. Load variations are the 
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most important causes of frequency changes. The term Pulling 
Figure is defined as the difference between the highest and lowest 
frequencies ebtained as the load is varied in any manner which does 
net cause the standing wave ratio to exceed its maximum permissible 
35 ue? Normal values of pulling figure are of the order of 10 to 
15 Mc/s. 


If a leng transmission line or waveguide is employed between. 
the magnetron and the aerial system operation at more than one freq- 
uency may be possible, and the magnetren frequency may jump from one 
value to another more or less at random. This is commonly known as 
Frequency Splitting. It is avoided by keeping transmission systems 
as short as possible er by avoiding standing waves on long lines or 
guides. . 


ame Use eof Rieke Diagrams to Tllustrate Frequency Pulling and 
Frequency Splitting 


In the example already quoted in Sec. 40, referring to Fig. 
445; the standing wave ratio was assumed to be 1*5, so that p= 0-2, 
The frequency variation over the region covered by the circle 
p = 02 may be determined by interpolation between the frequency 
contours already drawn. The pulling figure may thus be shown to 
be about 6°5 Mc/s. 


The Rieke diagram also illustrates how a short line is 
preferable to a long one. Suppose that the line (or guide) is of 
length? and that the standing waye ratio isl. If the frequency 
is varied the electrical length £ of the line changes, but to a 


first appreximation the standing wave ratio may be taken as constant. 
The working point en the Rieke diagram correspondingly traverses a 
constant-p circle as shown in Fig. 445. For any given position of 
the point on the circle the cerresponding angle 9 is, in fact, the 
phase angle between the direct and reflected waves on the line at 

the input terminals, and hence the relation between f and g is given 


by 
os Ant + $y, 


where Zp is the phase change on reflection at the load. (In the 
case of a waveguide A should be read for A in the preceding expres- 
sions). We may thus deduce that 


g «ante it Be. . coawnsdnededersewela)s 


where u is the velocity of prepagation on the line (or the phase 
velocity in the guide). InFig. 446, f is plotted against J, giving 
the line XY. 


Suppose now that the line is energised by the magnetron. 
Then there is the fundamental relation between f and 9 already 
pletted in Fig. 445, obtained direct from the Rieke Diagram. The 
working conditions are therefore given by the intersections of the 
two curves. In the example taken there are three intersections, 
suggesting that there are three possible operating frequencies. 
However, only two are possible, because although the three points 
ef intersection give three conditions of equilibrium,the one at A 
is unstable. For if seme small change in the system were to occur, 
resulting in a small increase in f, then, from equation (5) gis 
jinoreased; as,shown by the frequency pulling curve, this would 
result in a further increase-in f. On the other band, at B and C 
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Fig. 445 - Frequency pulling 
curve (full line). 


an increase in f causes a decrease in § , which tends to pull the 
frequency back, Since these two frequencies are equally possible 
the magnetren may jump from one to the other, causing frequency 
splitting. If this is to be avoided the line X¥ must be sufficiently 
steep for the curves to intersect at one value of f only as indicated 
by X'Y¥'. The slope of the line XY is Ta 3 hence, to make XY 


steep enough to avoid frequency splitting, 4 must be sufficiently 
small. 


For a certain critical length of line or guide the slope of 
XY will be equal to the maximum slope ef the frequency pulling 
curve: and it is then possible, with one value of Or, for XY te be 
tangential to the frequency pulling curve at its steepest part. 
This leads to very considerable frequency instability, and is termed 
Bread Spectrum operation. 


Further, a long line or guide is troublesome because the 
impedance as seen by the magnetron changes at time intervals corres< 
ponding to twice the transit time of the line or guide, due te 7 
reflections from the load back to the magnetron; these cause varying 
load impedance at ‘the magnetron output leop and corresponding freq- 
uency changes. (The importance of this effect will depend upon the 
extent of the mismatch at the termination). 


The longer the line, the more stringent must be the magnetron 
specification in regard to frequency stability; i.e. the smaller 
must be the pulling figure. An improvement in stability may be 
obtained even for long lines by putting a stub tuner close to the 
magnetron to adjust the region of cperation so that it covers a fairly 
flat portion ef the frequency characteristic. 


42, Pre-pluabing of Magnetrons 


‘  Pre-plumbing is a process whereby magnetrons, complete with 
such devices as stubs, common T/R, and other switching apparatus, etc., 
can be so accurately manwiactured that subsequent adjustment is un- 
necessary. This precludes any possibility of the introduction of 
instability due to maladjustment. 


A461 


Chap.8, Sect.43 
CONTROL OF NEGATIVE-GRID OSCILLATORS 


43, Stabilisation of Oscillatovs 


Oscillators may be divided into two classes, Master Oscill- 
ators and Power Oscillators. The former are usually required as 
frequency standards and are protected from variations in loading 
which would tend to upset the frequency stability. Power oscilla- 
tors, on the other hand, must maintain an adequate frequency 
stability and a high degree of efficiency whilst undergoing various 
Changes in loading conditions. Both types are used in radar. 

For various reasons, among which conservation of power, bulk and 
weight predominate, it is usual to employ power oscillators in trans- 
mitters rather than master oscillators followed by.power amplifiers. 
At UHF there is no choice, since the problem of satisfactory amplifi- 
cation, bas not been solved. For calibrators, where accuracy is of 
primary importance, a frequency~stabilised oscillator is often used, 
followed by amplifying stages. Crystal-controlled oscillators are 
cormonly employed, being superior to other types in this respect. 


Oscillators should be protected from such fluctuations in 
supply voltage as produce variations in output frequency. 


Control of the amplitude of the output voltage of an oscill= 
ator commonly takes the form of an automatic volume control circuit, 
controlling the bias of the valve. The use of automatic bias by 
grid leak and condenser, described in Chap. 7 Sec. 4, is a particular 
case, Frequency stabilisation may be provided by the use of 4 
large-valued resistance in the feedback circuit. This resistance 
is in series with the slope resistance of the valve and its large 
value masks variations in R, which might otherwise affect the oscill~ 
ation frequency. 


/ In some radio~frequency oscillators commonly used in super- 
heterodyne receivers and signal generators, the dual functions of 
master oscillator and power amplifier are performed by the same 
multi-electrode valve. A pentode, for example, may be employed, 
with contrel grid, screen and cathode acting as a triode oscillater, 
whilst the output is taken’from the anode, screened from the oscilla= 
tery circuit by the suppressor grid. By this means varietions in 
leading are substantially prevented from affecting the oscillation freq- 
uency. This type of circuit is usually referred to as an electren- 
coupled escillater. 


It is frequently found that a rise in mean anode petential 
affects the frequency in one direction, whereas a rise in screen 
potential has a reverse effect. When this occurs a suitable 
potentiometer arrangement for supplying screen and anode from the 
same supply may be chosen so that these two effects cancel each 
other, leaving the frequency of oscillations relatively independent 
ef supply voltage. 


In general it is possible to improve frequency stability by 
causing the circuit to oscillate at, or very close to, the resonant 
frequency ef the tuned circuit employed. The effect of a high-Q 
circuit is largely nullified if it is used as a reactance, By 
inserting various compensating reactances in one er more of the 
electrede leads it is often possible to allow for interelectrode 
capacitances and other stray reactances so that the tuned circuit is 
used at the peak of its resonance curve. This is not practicable 
at very high frequencies when lead inductances introduce further 


complications. 
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4), Steady State Conditions 


The performance of oscillators eften depends fundamentally on 
the values of the supply voltages, and by suitable control of these 
an oscillator may be given various characteristics. To show how 
this is’ done it is first necessary to examine what facters determine 
the steady~state conditions of an oscillator. 


Fig. 417(a) shows 
the schematic arrangement 
of the four oscilleter 
components listed in Sec. 1. 
Fer purpeses ef description 
it is convenient te divide 
these inte twe parts, the 
“amplifier® and "network" 
sections respectively, as 
indicated at (b). Each 
ef these parts may be 
considered separately, 
previded it is correctly 
terminated; i.e., when 







70 — | AMPLIFIER 
SECTION 





AMPLIFIER 
SECTION 








NETWORK 
SECTION 







«in 


considering the behaviour 
ef the amplifier section,’ 
it must be terminated by 


Fig. 447 = Schematic arrangement 
of fundamental oscillator 
components. 


the input impedance of the 

network, and vice versa, 

It is convenient te include the effect ef grid current as extra 
damping in the network; this effect is of considerable impertance 

in limiting the amplitude ef oscillations in cenventienal escillators. 


It will be assumed that escillatery voltages are -sinusoidal. 
This is appreximately true even fer Class C operation, with nen- 
sinuseidal currents, provided the tuned circuits are highly selective. 
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The benaviour oe: the amplifier section, terminated in 2, 
(Fig. 448(a)) may be described in terms of its amplification 


{m= € and phase shift J ,p. Both ef these vary with frequency. 


If s, is resistive, as in a video amplifier, the normal variations 


ef |m| and %yp with frequency are as shown at (b), whilst if zy is 
the impedance of a parallel tuned circuit, Pig. 448(c) shows typical 
variations, ‘ 


As the amplitude of oscillation varies, the. non-linearity of 
the characteristics causes changes in the value of |mj) « Toa 
first approximation 7, is net affected. These effects are illustra- 
ted at (a). os 


Similarly, the behaviour ef the network section is illustrated 
in Pig. 449, If it is linear there will be no change in, phase Pup or 
¥ 
in attenuation ja| as the amplitude is altered, la] = cr )- 
There will be censiderable variation as the frequency changes, depend~ 
ing en the nature ef the network. Fig. mes shows a typical high= 


Q circuit which might form the network, and (b) and (c) show the 
attenuation and phase variations with frequency. 
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Fig, 449 = Network section 
(typical case). 


When the effect ef grid current damping is included in the 
attenuation |a| , this is not linear, but increases considerably 
when the amplitude of oscillations becomes large enough te raise 
the grid above cathode potential. This effect is illustrated at 


(a). 


When the two sections, amplifier and network, are joined tog= 
ether to form the complete oscillator, steady osciilations can be 
maintained only if two conditions are fulfilled; the amplification 
of the amplifier must be just sufficient to compensate for the atten- 
uation ef the network; also the phase shift for the combined circuit 
must be a whole number of complete cycles; i.e |m| = |a|, and 
Bap + Pg, = 12-360°, where n is an integer. 


fevether these relations determine the frequency and amplitude 
at which escillations may be maintained, - In theory there may be 
several values of each which satisfy the steady state conditions, but 
in practical circuits ene mode of oscillation usually predominates te 


the exclusion of others. 
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45. Effect of supply potentials on steady state conditions 


In practical oscillators the requency is seldem appreciably 
affected by variations in mean anode or grid petentials (save in 
the case ef relaxation oscillators, not considered here.) But 
since such changes affect the amplifier gain they have considerable 
effect on the amplituje of oscillations. Maximum amplification is 
available under Class A working, but not necessarily maximum ampli- 
tude. This is because oscillations usually build up until the flow 
of grid current has increased the damping to the point at which 
attenuation is equal to amplification, An increase in bias in the 
first instance increases amplitude bu; decreases the values of both 
jaj and imi in the steady state. If the bias is maintained at a 
steady level and the HT supply raised, amplitude is usually increased 
and also ja| and imi . 


In most triode oscillators it is the effect ef grid current 
rather than curvature of valve characteristics which predominates 
in determining the amplituie:at which oscillations will be maintained, 


With Class C bias, oscil2ations are not self-starting since 
initially the angle of flow of anode current (Chap. 7 Sec. 4) is zero, 
and therefore im| = 0. When an inpus signal is applied causing anode 
current to flow, im) increases with amplituie as illustrated in Fig. 
450(a), Curve III. The effect of increasing bias is to delay the 
point at which amplification commences and also to reduce the gain 
for a given amplitude, A similar result follows a reduction in HT 
potential, the reduced angle of flow causing a reduction in jm{ . 
This similarity is illustrated at (b). 
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Fig. 450 - Effects of bias 
and HT potential on Class 0 
operation. 


Phe damping effect of grid current must be compared with 
thé other damping factors of the network, Although the network 
may have a high Q, excessive grid-current damping will effectively 
reduce both the selectivity and the dynamic resistance of the net- 
work, assuming that it acts as a parallel tuned circuit. 
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In general, for a given HT supply, there is a unique value 
of bias necessary to maintain oscillations at a given amplitude. 
If a large amplitude is required this may be provided by an increase 
an bias. There is clearly a: limit to this process, since ag |m| 
is reduced to a point at which it is less than the minimum atten-' 
vation |%1 oscillations cannot be self-maintained under any circum 
stances. 


Similarly if the bias is held constant and the HT reduced, 
& point will be reached at which oscjllations cease altogether, owing 
to the steady reduction of the angle of flow until imi < ial for 
all values of %. 


46. Biasing circuits 


As pointed out in Sec. 45, the effect om an oscillator of 
varying the bias is chiefly to change the amplitude of oscillations, 
and appreciable changes of frequency do not usually ocour, If, it 
is important that the amplitude should be constant, the steady 
supply petentials should not be allowed to vary, and the circuit 
should be designed as a master oscillator, so that changes in load- 
ing do not affect the operation, Under these circumstances, a 
constant bias can often be provided by a conventional cathode resistor 
with a by=pass condenser of sufficiently large capacitance, or by a 
suitable potentiometer arrangement. 


If a valve oscillater is not otherwise protected from notice- 
able changes in loading, it should be provided with an automatic 
regulating device which increases the xvailable power as the power 

. demanded by the load increases, It will‘be shown that in common 
escillator circuits such a requirement is not met by a cathode biasing 
circuit, and that for Class B er C working the reverse is true; 
viz. as the load increases due toe a diminishing loed resistance, 
which increases the damping of the circuit, the corresponding bias 
increases so that the available power is also diminished. In the 
cireuit eof Fig. 451(a) the valve current for Class B working. is as 
shown at (b). Increased damping of the tuned circuit diminishes 
its dynamic resistance so that the amplituie of the anode alter 
mating voltage is diminished; (c). This raises the anode voltage 
during the conducting period of each cycle,and thus increases the 
valve current; (b). This increases the bias. The same argument 
holds for Class C conditions. c 


HT 


Pig. 451 - Non-self- 
compensatory effect 
of cathode bias. 
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The use of self-bias by grid 
leak and condenser provides auto=- 
matic regulation approaching the 
form desired to compensate for 
wariations in loading. In the 
circuit of Fig. 452(a) a decrease 
in amplitude of the alternating cot my 
anode voltage decreases the 
amplitwie of the grid voltage so 
that the condition for steady bias, 
viz, "charge accumulated on C + 
during each cycle = charge which 7 
leaks away through R during each 


HT 


cycle" is no lenger maintained, Fig. 452 - Biasing 
through the reduction in the circuit using grid leak 
angle ef flow of grid current, and condenser, 


More charge leaks away, diminish= 

ing the bies and increasing the angle of flew until a new stable 
condition is reached with a smaller bias. This increases the 
available power, 


47. Self-quenching oscillators 


The fundamental reauirement for a pulse radar transmitter 
is the production of bursts of RF oscillations recurring at a suit= 
able repetition frequency. This requirement can be met by suit- 
able design of the power oscillator. Instead of maintaining 
continuous oscillations, an oscillator can be modified to allow 
Oscillations to build up, reach a maximum, and decay, the valve 
remaining quiescent for a period, and the cycle then repeating auto~ 
matically. This process is known as Self-Quenching, and when it 
arises from an auto-biasing arrangement in the grid circuits, the 
escillator is very commonly known asa "Squegger", er Squegging 
@scillator. This term is also applied somewhat loosely to oscilla~ 
tors where the self-quenching circuit is in the anode or catnode 
lead. 


Ih all cases the action arises from a gradual reduction in 
{mj by an increase in the bias er a reduction of available HT 
potential, until tm! becomes less than |a/ . Under these temporary 
conditions escillations cannot be maintained and usually cease 
altogether. 


/ During the subsequent interval no valve current flows and 
the dias or HT potential returns to the value at which oscillations 
become possible, and the cycle repeats. 


Squegging Oscillators 


The actual oscillator circuit chosen to describe this 
behaviour is not important, and subsequent remarks apply equally te 
most types other than the cenmon~cathode civcuit drawn in Pig. 452. 


The squegging action is illustrated in Pig. 453(a). Oscilla- 
tions build up and the bias increases due to the accunulatien of 
charge on CG. Provided certain conditions are satisfied, which will 
be considered below, a point is reached at which the bias becomes 
greater than the value at which oscillations can be maintained, when 
the RF oscillations begin te be damped out. The charge on C leaks 
away through Rg and the bias is reduced until ecut-eff is reached. 
At this point im is greater than |al , and escillations recommence. 
When grid current flows the bias increases and the cycle repeats, 
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GRID CURRENT FLOWS FOR THESE 
SHADED PORTIONS 


(4) SQUEGGING ACTION 
Vg (DURING RECOVERY PERIOD) 





4+ CHANGE IN CUT-OFF VOLTAGE 





it 
fr ut 
Vi 


BIAS AT WHICH 


OSCILLATIONS CEASE ~ VARIATION IN PERIOD 


WITH GRID LEAK 


RETURNED TO HT+ 
VARIATION IN PERIOD 


WITH GRID LEAK 
RETURNED TO CATHODE 


' 
| 
| 
! 


(b) EFFECT OF RETURNING GRID LEAK TO A SOURCE OF 
HIGH POTENTIAL 


Fig. 453 - Effect of returning 
grid leak to a source of high 
potential. 

The pulse width depends on the charging time-constant CRy, 
where Ry is the mean DC resistance of the grid<cathede circuit when 
grid current flows. The recurrence frequency depends chiefly on 
CRg, since it is usual fer Rg to be much greater than Ry. 


The circuit may be modified by returning the grid leak either 
to cathode or to HP potential. In the first case the action is the 
same except that the voltage developed across the grid leak is alter- 
nating instead of approximately constant. The connection of the 
resistor to a source of high potential, together with a suitable 
adjustment in time~constant so that the recurrence period is not 
altered, makes the onset of oscillations more definite and the re- 
currence frequency correspondingly more constant. fhis is illust- 
rated at (b). A fluctuation in HT supply, for example, causing a 
variation in the cut-off voltage, would have much less effect on 
the periodicity in the modified circuit, as indicated in the diagram. 


xxx Conditions under which Squegging Occurs 


The mechanism of the cessation of oscillations may now be 
dealt with in greater detail. Suppose that the oscillations can 
be maintained at any chosen constant amplitude. The circuit is then 
equivalent fo an amplifier being driven by a constant voltage 
generator. This generator will provide or absorb energy according 
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as jmj<jajor Im) >a! for this amplitude of signal voltage ?j. 

For a given C=R network and constant input amplitude the bias 
developed across C will settle down to a steady value Vg depending 
en Ws » OC, Ry and Ry. Provided CRy > the duration of grid current 
flow for each cycle, and provided CR, > T, the period of oscilla- 
tions, the grid voltage will be appro ofimately Sinusoidal, as in 
ba 454, these being the cong etre for non-distortion, The ratio 


¥ then depends on the ratio ie enly, to a clese degree of approx= 


imation, and the relation between them is 


es, /7, he 
a 1 - GR) provided Rj «K R,. 


& 


g 


t 






—MEAN BIAS 
(RIPPLE NEGLIGIBLE 
IFC 18 LARGE) 


CURRENT 





CURRENT 


Pig. 454 - Steady state relation between 
wi, Vp and the angles of flow of grid and 
anode currents. 


If we now plot 
the variation of |m| 
and ja} with amplitude 
Ws we obtain curves 
such as are shown in 
Fig. 455. The value 
of ja! has been assumed Imi, jad 
constant, since the net- 
work is assumed linear, 
and the attenuation due 
to grid current is also 
linear under the assumed 
conditions. 








Provided the assun- 
ptions which have been 
made are justified, it Fig. 455 - Variation of tml 
follows that at the point and ja{ with amplitude. 
P the controlling gener= 
ator could be removed 
and oscillations would 
be maintained at the corresponding amplitude, where (mj = tal . That 
this does not -happen in the squegging oscillator is due to the delay 
which oceurs in the build-up of bias, since, before the steady state 
operating point P is reached, the bias will be less than that for 
which the curves of Fig. 455 are drawn. The effect of this lag is 
indicated in Fig. 456. Both {mj and jal are increased, since the 
angles of flow of both anode and grid currents are larger. In 
other words, the amplitude will be momentarily stabilised at the 
value for the point Q instead of P, towards which it must tend for 


stability. 
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Two cases arise, shown at (a) and (b) respectively. In 
(a), 6 im > & tal, 
and the point Q is 
to the right of P. Ilia 


This means 
that the amplituie 
ef escillatien is 
larger than the 
value at which 
jm) = [@]. Oseillae iggy ssc 
tions centinue —-t- -- - - T= a 
until the bias has ‘ 
increased beyond the (a) 
required value, 

,sinee this value 

must be exceeded 
befere the amplitude 
begins te decrease. 
Once the bias has 
exceeded the crit- 
ical value it remains 
toe large fer escilla- 
tions te be min- 
tained, due to the 
long time-constant 
CR, Hence the . = ; 
osfillations die away. poe Rete a 














In (b) Simi< dial , so that the operating point Q is to 
the left of P. The amplitude of oscillations continues to build 
up with diminishing increases in bias, and the condition is stable, 
since each increase in bias makes |a| increase with respect to Imi . 


This is further illustrated in Fig. 457, where im| and ial 
are pletted sgainst Vg for a fixed amplit wie corresponding to the 
point P-ef Fig. 455. In the first figure (a) an increase in bias 
for a given amplitude leads to instability since jal becomes greater 
than im| and at the increased value of bias escillations cannot 
be maintained. In (b), the increase in bias is accompanied by an 
increase in |m| with respect to |al,so that the amplitude is 
inereased and the condition is stable. 


|r| , 1a] 





(C1) UNSTABLE;~ SQUEGGING CONDITION (b) staBLe;-NO SQUEGGING OCCURS 


Fig. 457 - Squegging criteria. 


The condition Sim ois! is the criterion for squegging 
OVeg ov"e 


te occur, under the conditions which have been assumed (long time- 
constants, sinuseideal oscillations, and Ry» Ry). This criterion 
depends en the relative values of Vy» Ris Rg, the cut-off voltage 
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Veo and the dynamic resistance of the tuned circuit. Fer a given 
v4 and Ve, ani provided the dynamic resistance is net too large, 


squegging will eccur if =k is sufficiently large. 
i 


Another method of making squegging mere likely is to increase 
the damping ef the tuned circuit. This causes the point P te occur at 
@ steeper portion ef the |m| ~ Vj curve (Fig. 456) and increases the 
likelihood ef the point Q being te the right ef P. 


With triodes commenly used in low power radar escillaters 
employing high-Q circuits and Class C biasing, a grid leak of the 
erder of 20 koto 200 kN is usually sufficient te cause squegging. 


Anode Self-Quenching Oscillaters 


In this form of self-quenching circuit the bias is held 
constant, but an effect similar to that ef squegging is ebtainel by 
an autematic reduction in available HT potential. This reduces’ 
the angle ef flew ef grid current by shertening the grid base(Fig, 
458(a)), A typical circuit is shown at (b). As in the grid self- 
quenching circuit, it is the value ef the resister R which is usually 
critical. If this is greater than a certain value quenching will 
ensue whatever the value of C. Pulse width is principally determined 
by the product of C and the mean DC resistance ef the valve when 
conducting, whilet recurrence frequency depends chiefly en CR. The 
shape of the anode pulse is shown at (c). 






EFFECT OF LOWERING 
HT POTENTIAL 


FIYED 


ea ' 


1 1 
i 
(a) ae eee 
DECREASING ANGLE OF FLOW 





Fig. 458 = Anode self-quenching 
oscillator. 


Anode self-quenching is normaliy employed as a pretective 
device, rather than for regulating pulse width or recurrence freq- 
uency.e Used in conjunction with grid self-quenching, the latter 
constituting the principal contrel, the anede network prevents damage 
to the valve should the grid circuit fail to prevent continuous 


escilletions. 
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48, The Super~Regenerative Receiver 


Although the Super- . 
Regenerative Receiver is 


mere than an escillater it AF 

is dealt with here since iNpuT OL irene Output 
its operation depends on 
the build-up ef escilla- 
tion in a modulated or 
quenched escillater. The 
schematic arrangement ef 






BIAS ia 
QUENCHING} 
MODULATING} 
OSCILLATOR; 






a separately—quenched Pig. 459 = Schematic 
circuit is shown in Fig. arrangement of super< 
459. (Self-quenched regenerative receiver 


receivers dre semetimes used in communications sets, but are not 
cemmenly used in radar and are not described here). Since the 
schematic arrangement resembles that ef a modulated transmitter it 
is as well to indicate the essential differences between the two 
circuits. It is generally assumed that in a pulse-~modulated 
transmitter the build-up and die<away intervals for each pulse are 
very much shorter than the pulse duration. When the oscillator | 
is used in a super-regenerative receiver, on the other hand, feed- 
back cenditiens are se adjusted that in the absence of an applied 
signal the esciliations build up gradually and reach a maximum 
amplitude shortly befere the end ef the applied pulse; (Pig. 460). 
The escillater is then quenched 

by the trailing edge ef the 

modulation pulse ani the 


escillatiens die aw: rapidly. OSCILLATION 
ay . AMPLITUDE 


e MOOULATION ENVELOPE 


The main difference 
between this actien and that 
of the grid=medulated trans=- 
mitter (Chap. 14) (or ef the é 
self-quenched escillater oe 


described in Sec. 47) is that 
in the latter case the grid 
voltage rises sharply through é A 


cut-off se that the flew ef valve 

current is sudden, initiating 

the main oscillatien, In Fig. 460 = Build-up oscille- 
the case ef the super- tions. 
regenerative receiver, the 

applied pulse is less abrupt (being commonly sinusoidal) and the 
feed-back less vigerous, se that the random noise fluctuations in 
the input circuit, superimposed on the applied pulse, are largely 
effective in determining the initial grid voltages during each 
oscillation interval. When a signal of the cerrect frequency is 
applied to the input circuit the mean anode current is increased 
and a filter circuit in parallel with the anode load enables the 
increase in current to be detected as a negative-going pulse. 





The effect ef the super-regenerative circuit is that a given 
change ef mean anede current can be produced by a very much smaller 
RF input signal then would be required, for example, by a reaction 
amplifier (Sec. 3, Fig. 385) used as an anode bend detector. 

Because ef this a single valve stage used as a combined amplifier 
and detector in @ super-regenerative circuit may provide an adequate 
output when the input signals are ef the order of microvolts, whereas 
several hundred times this magnitule ef signal would be required 
with a reaction amplifier-detector circuit. 
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The manner in which the much greater 
gain is ebtained in the super-regenerative 


circuit may be explained with reference to 5. @ 3 
the transfermer-coupled circuit ef Fig. INPUT 3 Rp Up 
461. Suppose that the current and volte = = 9 “—+—4-.... 6 


ages in this circuit are zere when an EMF 
vy, = % €dt, is injected into the 
tuned circuit by the coupling leop. 


The equation giving the output veltege Fig. 461 - Transformer~ 
We may be fas tebe P “8 coupled tuned circuit, 


Baie ong Mel gs 


Sa Odes bese caleeSeoe dye 


ar 
at CRp at cL CL, 


The steady-state solution ef this equation is the (aay "Ac ) 
selution", with v, = QV; , where Q = CG assumed large). 
° . Bp/ S 


The manner in which the amplitude ef the eutput veltage tends 
tewards the steady state is illustrated in Fig. 462; the equation 
is: 


owt 
7, = QO; (1 =: € Bip) neha wb oGis de akewaileeebesecieele)s 


Suppose new that the resistance Rp is replaced by the equivalent 
ef a negative resistance, - Ry. 


The solution ef the cerresponding equation:- 


ave ome i ae. we = wi veda wwensak eee cesevel 3) % 
ate Rn at OGL OL : 


Which is the'same as (1) with =Ry, in place ef Rp, is similar te 
that ef the former equation, the amplitude grewing accerding te 
the formula: 
t 
Qn 
Ve = ay ce 


=. 1); sus odeceseecctvceseecses(h) 


(in this case Q = Ry /TZ ). 


OSCILLATION 
AMPLITUDE / 


' 
| 
| 





OuTPUT 
AMPLITUDE 












t 

| 
oe) toe i Ste atl ee as 

a 

| 7 

° wt 
° t 

Fig. 462 ~ Build up of output Pig. 463 = Build-up of 
voltage in transformer oscillations in regenera= 
coupled (non-oscillating) tive oscillating circuit. 
circuit. 
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This is illustrated in Fig. 463. Comparisen of this figure with 
Fig. 462 shews that the former curve is the difference between 


the expenentially decreasing curve Qy € and QF}; » Whereas 
the latter curve is the GEeereneg between Qt and the exponentially 


increasing curve QF; £ 2CR y ° 


if the amplitude ef the applied signal is increased by an 
amount A¥;, the amplitudes ef the curves ef Figs, 462 and 463 
are correspondingly increased. In the case of the regenerative 
(reaction) amplifier it is this increase in amplitude which provides 
the change in output current. In the super-regenerative circuit 
it is the time taken for the veltage v, to reach a given amplitwie 
which mttersa. When the esciliatiens have built up to a certain 
amplitude V_ the amplitude remains approximately constant at this 
value, due te the inherent non-linearity and limiting action ef 
the valve characteristics, until the end ef the modulation pulse. 
This cuts eff the valve current, in effect replacing tae resultant 
negative resistance by the natural damping resistance of the circuit, 
se that the escillations are rapidly quenched. The whole precess 
repeats with the next modulating pulse, by which time the RF input 
voltage will have changed in amplitude. 


Censider the action during a single medulatien pulse. The 
equation relating the time T for the oscillations te build up with 
Ve, the maximum amplitude, is 

t 





Ve = Q¥; = 2) bibs VaRabaweeeeaesccence(5)* 


Since we are concerned with valves of T such that & ky > 1, 
fer RF veltages of amall amplitude vy this equation reduces te; 


25 


If Vo is the amplitude ef the carrier wave modulated by 
(1+ A cosw,t), we have 


Ve = Qy; £ Wate Nee ed edecedeioeeceseseneCO)e 


% = % (L+* A coswyt); 
se that 
Ts = is 3. - ( 
= es log. Vo Log . Q log, Vg leg.(1 + & cosw pt) 
sca dewew (Oe 


Since, fer a given carrier level, the only quantity which varies 
in (8) is t, we have 


AT = -2R, A frog, (l+a cos pt)} ecoreeeecee(I), 


“A 
and this is independent of v,. 


This decrease is illustrated in Fig. 464. tp is the 
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duration ef the 
medulating pulse, 
The twe curves OsgILLATION 
are identical 
except for the 
herizontal 
displacement 
AT. Hence, 
to a first 
approximation 
the average 
increase in 
amplitude ef 
Vo due to 
the increase 
in the ampli~ 
tude-med ulated Fig. 464 - Decrease in time taken 
input is for oscillations te acquire a given 
amplitude (small signals). 





Db 
Sls 
<j 


= En A f log, (1 +A coswnt)} eeeseesedeecsss( 10): 


We shall compare this with the increase fer a reaction amplifier, 
given by 


Q%- A bea coswmt} sven tudenadebaenensievee (ake 


Suppose the input changes from its maximum value % (1+ A) te its 
minimua value ¥, (l= A). Fer the reactien amplifier equatien 
(12) gives 

Aw, = Qofl+a-I=K} = 28QFo 
Fer the super-regenerative circuit the change in mean amplitude 
fer the pulse interval tp is given by equation (10) := 





VeATt = Ve 2CBy frog, (1+ A) ~ legs (1 - 4), 


tp tp 
a 2VeCBn 1eg,{ i th. 





Provided 4 is small, 
dtiak 2. 
10g. ( = 1) = 2h. 
Hence, fer a lightly medulated carrier, the ratio between the 
change in mean amplitude in the super=regenerative circuit te the 


corresponding change in mean amplitude in the reaction-amplifier 
circuit is given appreximately by:= 


ANS 
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MWeCR, 2A in av 
+ e 2ZAQVo = A fRn 


P Q¥e tp 


Since Q =W ORD» this may be written 


2v CR, . 2 Ve Ey : 
Tipo, ty Set ptek, 


S uppese =z 1ns,W.= 2% 200, 30° (cerrespending te a frequency 
ef 200 Md/s); ‘Vo = 10 volts and ¥, = 10 microvelts. Suppose alse 
that By = Rp. 


Then the ratio becemes 


2410 106 

ea ee oon 1690. 

2% ,200.10°.10 ~-10.10 
Thisratio dees net take inte acceunt the fact that the super= 
regenerative detector is eperating for only a fraction ef the quench 
peried. Hewever, even if the pulses fill only one-tenth ef the 
reception time there is still an increase ef more than 150;1 in the 
effective amplification provided by the super-regenerative circuit 
compared with the reaction amplifier. 





The above simplified analysis has considered the action from 
the point ef view ef a sinusoidally medulated carrier - the communica- 
tiens aspect. In radar, where RF pulses are received, a somewhat 
different appreach is simpler. Here we are concerned with the 
amplitude ef the actual output pulses, and not with any modulation 
compenent ef these; and the result found to be approximately true 
fer a sinusoidally modulated carrier, namely, that the amplitude ef 
the modulation cemponent is independent of the carrier amplitude, 
no longer applies, There is still hewever, an inherent AGC action, 
independent of this realt. 

If the amplitude ef the RF 

input is large, the apprex=- OSCILLATION 

imation ef equation (6) no ane ae 

longer holds, and the change 
in the rate of increase of 
escillation amplituie 
fellowing an increase in 
input esplitude is as shown 
in Fig. 465, rather than 
that shown in Fig. 464 fer 
amel] signals. As the 
amplitude ef the applied 
signal increases the 
increase in the mean amplit- 





ude of the output voltage Fig. 465 - Decrease in time 
dees not increase proper- taken for oscillationsto acquire 
tionatély, but is ebvinsly a given amplitude (large signals). 


limited, There is a 
maximum pessible increase 
in the area under the modulation envelepe ef Fig. 460, occurring in 
theory when the envelope is entirely filled with RF oscillations, 
The result is that the super=regenerativwe receiver can detect, 
without ever everleading, signals varying in amplituje from a few 
micrevelts to several volts. 
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When used for communications reception the region of 
variation of input amplituie over which distertion is not pre- 
hibitive is limited, and varies with the medulation depth, For 
radar purposes, where this type of circuit is used as a one~valve 
receiver for triggering radar beacons, distortion is not important. 
The eutput is ef sufficient amplituie, even fer very small input 
signals, to trigger a lecal transmitter, and because ef the inherent 
AGC action ne deleterious effects arise when much larger input 
signals are received. However, additienal AGC circuits may be 
empleyed with advantage to limit the amplituie ef the triggering 
pulse applied te the transmitter and te prevent valve saturation 
When very large signals are reeeived. 







CAPACITANCE gus TRIGGER 
PULSES 


INPUT FROM 
AERIAL 





MODULATION 
OSCILLATOR 


Pig. 466 ~ Typical radar super- 
regenerative circuit. 


A typical arrangement ef a super-regenerative receiver 
designed fer RF pulse detection is showmm in Fig. 466.. The low 
pass filter in the output side by-passes the fundamental ani 
harmonic compenents ef the quench frequency se that there is a 
constant steady veltage produced at the output terminals when ne 
RF signal is applied to the grid. There is an inevitable noise 
fluctuation present. The width of the modulation pulse is made 
small and the quench frequency sufficiently high te ensure that 
severel quench perieds eccur during a single input RF pulse. 


When this arrives at the grid a negative-going pulse is 
preduced at the output, slightly delayed by the filter circuit. 
fhis pulse is amplified and is used fer triggering the lecal trans- 
mitter ef a radar beacon. 


AUTOMATIC FREQUENCY CONTROL 
49. General 


Like mest automatic contrel systems, circuits which control 
the frequency ef an escillater are ef the serve type (see Chap, 18). 
the frequency ef escillatien is compared with some frequency 
standard in a suitable difference element, the output ef which is 
used te adjust the escillater se as to reduwe the frequency 
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difference to zero. 


The simplest requirement, namely to leck the escillator 
frequency to that ef an available transmitter or standard generator 
Will not be dealt with here. In effect this converts the oscilla- 
ter inte an amplifier by increasing the coupling between the two 
generators. The mere impertant practical requirement is to make 
automatic adjustments to the frequency of the lecal escillator of a 
superheteredyne receiver so that the signal in’ the IF channel is 
kept in the middle ef the preset IF band. This is necessary to 
prevent distertion and less of ‘signal strength. ‘It is immaterial 
whether the changes in frequency are due to changes at the trans- 
mitter,which is mere likely, er at the lecal escillator. In either 
case, when such variations are detected, adjustments are made to 
the local oscillater te bring the IF signal back into the middle of 
the band. 


The input quantity ef the control system is therefore the 
setting ef the IF tuned circuits, and the serve action is required 
te pull-in the IP signal by adjustments to the lecal escillater. 
This may be done in the case ef mechanically tuned oscillators by 
a@ serve moter turning the vanes ef a variable condenser, altering 
the pesition ef a tuning core er, in the case ef a klystren, 
adjusting the tuning screws er diaphragm. Alternatively, if the 
frequency can be varied by altering ene ef the control voltages, 
such as the reflector petential ef a Sutten tube, tae meter can 
be dispensed with. In éither case the chief problen in design is 
affemied by the difference element, usually called tae Discriminater. 

-fhis is required te convert a frequency difference inte a voltage 
er current, indicative not only of the magnitude ef the difference 
but alse ef the sense. Apart frem the discriminater the remainder 
ef the circuits involve nething peculiar in serve construetion. 


50. The Discriminater 





{we types ef discriminator are empleyed, using amplitude 
and phase discrimination respectively. These are illustrated in 
Fig. 467. fm is the mean intermediate frequency to which f;, the 
IF signal frequency is to be aligned, 


In both cases the reception ef RF pulses witain the band- 
width ef the radie receiver develops corresponding pilses in the 
output ef the discriminater which are either positive-going or 
negative-going according to whether the IF signal frequency is too 
high er toe low. These pulses may either be rectified and applied 
ag steady centrol veltages te the lecal escillater or, as is more 
general, they may be incerperated with same autematic sweep circuit 
as described in Secs. 535 and 54. 


51. Amplitude discrimination 


In this method use is made ef the wariation ‘in amplitude of 
the output frem a high-Q circuit as the input frequency recedes from 
resonance. The circuit is tumed to fp + fq where fg is the 
maximum deviation allewed for. As fy varies, so the output ampli- 
tude varies as indicated by the resenance curve (Fig. 467) and the 
detected output is thus indicative ef the input frequency. 


One methed ef incorperating this technique in a practical 
discriminater is shown in Fig. 468. Twe high-Q rejector circuits, 
coupled te one of the IF stages, are tmed to fy + fg and fy ~ fy 
respectively. The output from each circuit is detected by the 
beck=te~back diode circuits shown, and the voltage dii'ference 


478 


Chape8, Sect.52 





(a) TUNED CIRCUIT OF 1 F AMPLIFIER 





tm-fd tm fl 


(D) AMPLITUDE PISCRIMINATION 
PRIMARY CIRCUIT TUNED TO tm 
SECONDARY CIRCUIT TUNED TO tmtta 
g 
Vi. 
180° pen men ene (b) Vo 28 
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fm fi 
(C) PHASE DISCRIMINATION PRIMARY 


AND SECONDARY CIRCUITS BOTH 
TUNED TO fm 






(c) 


Fig. 467 - Foniemental principles 
a amplitude and phase discrimina- 
on. 


tm 


' 
! 
t 
| 
! 
1 


Fig. 468 - Amplitude discriminating 
circuit and response diagrams. 


between A and B is indicative ef the magnitude and, sense ef the 
errer frequency fy ~ fm. The response diagrams fer the two 
circuits are shown superimposed at (b). The detected output 
difference (c) is amplified if necessary and fed to the serve 
moter er other centre] device. This alters the frequency of the 
local escillator se as to reduce the magnitude of the error. 


52. Phase discrimination 


As the title indicates, in this methed it 
is the variatien in the phase ef the eutput ef a 
tuned circuit as the input frequency varies 
which is used te previde the necessary frequency 
discrimination. It is necessary te cempare 
this with a standard phase, nermally the phase 
ef the input. In the simple inductively coupled 
circuit shown in Fig. 467(a) the eutput and 
input veltages are in quadrature at resenance, 
the eutput phase being retarded as the frequency 
rises. If input and output signals are added 
tegether this change in phase is cenverted into 
a change in amplitude, as indicated by the 
vecter diagrams of Fig. 469. 





The resultant signal ds detected and 
the magnitude ef the rectified signal, varying 
with the input frequency, prevides the dis- 


criminater eutput. Fig. 469 - Phase 
discrimination; vector 


4 @ 9 diagram, 
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DIODE 2 Be 


(a) 


TUNED CIRCUIT 
OF IF AMPLIFIER 


FUNED CIRCUIT 
OF IF AMPLIFIER DIODE ¢ 


() 


Fig. 4.70 ~ Phase discriminating 
circuits. 


fhe simplified diagram ef Fig. 470(a) shews hew this 
methed may be empleyed in a phase discriminator. vy is the 
.input veltage and v, the voltage develeped acress each half of 
the secendary ceil. As A swings positive the RF petential 
+ Vz is déveleped acress diede 1 and it cenduwts, charging Cz 
te a peak value (vy + vg). Similarly diede 2 coniwts as 
swings positive se that C2 charges te a peak value (vy 2 Vo). 
R, and Ro are the discharge resistors fer the two gendensers, | 
fhe petential difference between By ani Bo is (v, + ve) - (vy @ Ye). 
In the circuit shewm this is net wually in a cenvenient form for 
use a3 a centre] yeltage, neither By ner Bg being earthed. 


A prectical form ef this circuit is shewn in Pig. 470(b). 
Here the ceupling capacitance C takes the place of one of the 
rectifying cendensers and the ether is connected between the two 
cathodes. The direct cennectien fren C to the junction ef the 
resistors is necessary te discharge C threugh R1 when diede 1 is 
net conducting. Alse, if a variable potentiometer is substituted 
fer the twe resisters, this cennection ferms a convenient set=-zere 
adjustment. 


As in the simplified circuit, the output is develeped acress 
BYB2, and since By is earthed this is in a convenient form te act 
as a centrel veltage, either direct er through a DC amplifier. 


53. Automatic Sweep Circuit 


Either ef the metheds described is restricted because ef the 
narrew bandwidth ef the high-Q circuits used. The twinecircuit 
method ef amplitude discriminatien gives a Wider band, but this is 
cempensated fer by the relative intricacy ef setting up the circuit. 
Unless the escillater frequency is very clese to its required value, 
the IF signal is eutside the discriminater bandwidth and the AFC 
circuit fails te “pull-in". The difficulty is usually everceme by 
ineerporating an automatic frequency sweep circuit in the centrel 
system, While there is ne signal in the RF receiver the lecal 
escillater frequency is swept continuously threugh a wide band, 
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When a signal dees appr =, the ARC circuit comes into eperation as 
the escillator frequency reaches its correct setting, and there= 
after the latter is automatically adjusted and the sweep practically 
eliminated. : 


A circuit incerperating a phase discriminator and a lew 
frequency sweep generator is illustrated in Fig. 471. The output 
from the sweep generator following the multivibrator is approx-~ 
imately sinuseidal. While there is ne RF signal the anede voltage 
ef the amplifier remains constant and the full sweep voltage is 
used to alter the Sutton tube frequency by varying its reflectar 
potential, 


VERY LOW FREQUENCY 
SAWTOOTH VOLTAGE 









VERY LOW 
FREQUENCY 
IMULTIVIBRATOR 












SWEEP 
GENERATOR 





OUTPUT VOLTAGE DEPENDS 
LF. SIGNAL ON ERROR IN FREQUENCY 


FREQUENCY 
CHANGER AMPLIFIER 


LOCAL OSCILLATOR 
Ue TO REFLECTOR OF 


REFLEX KLYSTRON 











LF. 
AMPLIFIER 





DISCRIMINATOR 








“SIGNAL FROM RF. 
STAGES. (OR FROM 
DIRECT PICK-UP OF 
MAGNETRON PULSE) 







LOCAL 
OSCILLATOR 
(REFLEX 
KLYSTRON) 





Fig. 471 = Circuit schematic 
for AKC of electrically tuned 
local oscillator. 

When an RF signal appears the discriminater is brought 
inte play and its amplified eutput nullifies the eutput frem the 
sweep generator so that the reflector of the Sutton tube is main- 
tained at an appreximately censtant potential. If the discrimina~ 
ter is sufficiently sensitive and the gain ef the amplifier 
sufficiently large, only a very small frequency deviatien is 
necessary te preduce at the amplifier output sufficient amplitude 
te counteract the sweep veltage. 


fhis methed ef searching for and lecking ente a received 
signal is applicable te other local oscillater circuits in which 
variation ef the petential ef one of the control electredes prevides 
a sufficient degree of variation in the oscillation frequency. 


54. Practical AR circuits 
Many different AFC circuits are in common use, mest ef which 


incorperate the principles ef the feregoing paragraphs, differing 
enly in the mamer in which these principles are applied. A great 
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variety ef automatic sweep circuits are available, some of which 
are much more economical of material than the relatively straight- 
forward circuit shown in Fig. 471. 


It is cemmon practice to apply the positive-going or negative- 
going pulses frem the discriminator te the sweep generator se that it 
is held ineperative, autematically providing the cerrect output 
weltage for the local escillatorreflecter. This usually necessitates 
suppressing either the pesitive-going er the negative-going pulses, 
se that adjustments te pull in the escillater frequency are made for 
frequeney drifts in ene directien enly. For example when the dis- 
criminater eutput is weak, er consists of negative-going pulses, 
the'sweep generator may continue to sweep the escillater throughout 
a.wide frequency range. When the discriminater output changes to 
& series ef pesitive-going pulses the sweep generater is suppressed 
and the escillater frequency autemtically pulls in. Should the 
transmitter frequency drift se that negative-going pulses reappear 
in the discriminater eutput the AFC circuit fails te pull in, and 
the sweep generater cemes into operation again wmtil the discriminater 
eutput changes pelarity. This mede ef operation is particularly 
useful where ecenomy of valve stages is impertant. 
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CHAPTER 9 


VeLVES AS AMPLiTUDE LIME TERS 
1. GENERAL PRINCIPLES 


In the normal operation of a pulse amplifier, described in 
Chap. 7, Secs. 9-13, care is taken that the valve works on the linear 
portion of its dynamic characteristic, otherwise amplitude distortion 
occurs. As an extreme case of this distortion, Amplitude Limitation 
arises when the amplifier is operated over one or both of the 
flattened portions of the dynamic characteristic (Fig.472). 


Common 
applications of 
amplitude limita- 
tion are;~ 


(i) Tne production 
of a rectancg- 
ular output of 
voltage from 


a 5 so..da l DYNAMIC —_o AF --3-r 
a eenueee CHARACTERISTIC 
input. 








(ii) The elimina- 
tion from 
the output of la IS PLOTTED 
irregularities AGAINST: Ug 
which occur 
at the extreme 
values of the 
input voltage. 


pt 
la iS PLOTTED 
AGAINST t 











Vg IS PLOTTED 


saa’ . . s = 
(4ii) Discrimination 
AGAINST t 


between wanted 
and unwanted 
pulses, 


JdO-1ND 
svid 


Either 
diodes or amplifying 
valves may be used t 
for amplituie 
limitation, In the Mige4/72 - Limiting at cut-off 
case of the diode 
circuit of Fig.473 
the maximum value of the output voltage is approximately zero, so that 
the positive portions of the input voltage are ineffective. By a suit- 
able biasing arrangement this limiting action can be made to take place 
at any desired voltage level. 


Two diodes are necessary if both upper and lower excursions of 
the output voltage variations are to be limited. 


With a single amplifying valve both positive and negative 
excursions of the output voltage my be limited if the valve is 
operated over both of the flat regions of the dynamic characteristic. 
Alternatively, the grid-cathode portion of the valve may be used as a 
diode, and the positive part of the input limited when grid current 
flows by the inclusion of sufficient series resistance, as in Fig.473. 
This takes the place of limiting at the upper bend of the dynamic 
characteristic, and limits the negative-going portions of the output 
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voltage. In all cases the wa 
limiting action is independent =a 
of the nature of the input (a) Y% o 
voltage variation; for 
simplicity, in discussing the y 
action of the elementary 
circuits we shall assume that qj 
this is sinusoidal. 
(b) 9 t 

A diode circuit is % | i | 
considered first, as it Didar ade Wecemetaee ene eos 
provides the simplest case of : \ 1 
the use of a valve as an f) of —+ z 
amplitude limiter. Suppose 5 INS ; 
that a sinusoidal voltage is BM centers ee ce Soper re 
applied to an unbiased diode i 
s . : “ Up ' i { ' 
in series with a resistor Rg A t 
(Fig.473). The diode Ian a 
conducts during the positive (d) 0 
half-cycles of the input 
voltage and does not conduct -4 } 
during the negative half- 
cycles, If R, is large Fige473 ~ Positive peak limiting; 
compared with the resistance output across diode. 


of the diode when this valve 

is conducting, the fraction 

of input voltage developed across the diode during the positive half- 
cycles is smll. If R, is small compared with the impedance of the 
diode when this vaive is not conducting, a large fraction of the input 
voltage is developed across the diode during the 
negative half-cycles. The diode may have a 
resistance of betwéen 1000 and 2000 ohms when 
conducting, this resistance being the ratio of 

the anode~cathode voltage to the current y 
through the valve, and not the slop resistance. 

The impedance of a diode, if it is not 

conducting, is entirely due to the anode- 

cathode interelectrode capacitance, and this = 
capacitance may beeabout 10 pF. Fig.473 shows Fig.4.74 = Negative peak 
the Limiting of the positive half-cycles in limiting; output across 
the voltage developed across the diode, and resistor, 

also the limiting of the negative half-cycles 

in the voltage developed across the resistor Rg. 


Fig. 47ashows the diode limiting circuit arranged so as to 
obtain the output in the form of negative pulses (Fig.4730 ), while 
Fig. 474 shows a cirouit suitable for producing 
positive pulses (Fig.473d)}. If the diode is 
reversed as in Fig4.75, the positive half~ Rs 
cycles appear mainly across the diode whilst 
the negative half-cycles are developed mainly vy 
across the resistor, 


So far the limiting of either the 
positive or the negative portions of the 
input has been considered as beginning when Vige475 - Negative peak 
the input voltage passes through zero. If, limiting; output across 
however, the cathode of the diode is held at diode. 

a fixed positive voltage, as shown in Fig. 

476a, the diode does not cqnduct until the 

input reaches this level, and limiting of the wilt. 36 across the diode 
thus occurs at a fixed positive voltage. The voltage across R, in Fig. 
76a consists of the peaks of the positive half-cycles of the input, 
shown dotted in Pig.476b . Fig.477 shows the limiting circuit in a form 
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suitable for obtaining this voltage as an output. In this circuit 
RI and Re, which are effectively in parallel, take the place of Rs 
in the previous circuits, Fig. 

478 shows circuit arrangements in 

which the negative peaks are ” 
limited and the output voltage “ 

is developed across the diode. 
In Fig.478b C is a blocking 
condenser necessitated by the 
change in voltage level. In 
both circuits the voltage 
across Rg consists of the peaks 
of the negative half-cycles of 
the input voltage. Figs.479a 
and b show the corresponding 
circuits in a form suitable 
for obtaining this voltage 
across Rg as an output. 


In any limiting circuit 
using a coupling condenser, as 
for example in FPigs.4/78b, 479b 
the time-constant of the input 





circuit must normally be Fige476 - Positive peak limiting 
chosén so that no appreciable with bias; output across diode. 
slide~back occurs. (See Chap. 

7, Sec. 4). 


If a suitable choice of condenser and resistor values is made 
slide=back biasing circuits may be used to 
provide bias in some cases. 


By using a pair of diodes arranged as 
in Fig. 480 , both upper and lower excursions 
of the input voltage can be limited. In 
this circuit diode 2 is conducting if there 
is no input voltage, so that the common 





cathode voltage is Fige477 - Negative peak 
: imiting; t{ across 
VR2 (neglecting the resistance Saw ouspae 


VK = RL+R2 ‘of the diode compared 
with R1 and R2) 


When the input voltage reaches this value diode 1 conducts, and the 





Pigeh79 - Positive peak limiting; 

output across resistor. With no 
Lite voltage shift (a) and with volt- 

Fige478 ~- Negative peak limiting; age shift (b). 

output across diode. 

With no voltage shift (a) and 


with voltage shift (b). 487 
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voltaze developed across Ro rises. As long as diode 2 is conducting 
Lhe vwoltare at its anode is practically equal to the conmon cathode 
voltare. Therefore, as the voltage across Ro rises fron 


V Re 
RL + Ro 


the output voltage rises with 


it. DIODE 1 DIODE 2 





AS soon as the voltage 
across Re rises above V, diode 
2 ceases to conduct and the o 
output voltage remains at the 
value V. It follows that the 
portion of the input lying 
as the values V and 
Te WS is the only portion Rar, z ‘ 
vhich contributes to the 
output. In this and similar 
cases we shall call this 
portion of the input the 
Effective Input Voltage. 


LDOrING CIRCULTS 1 -PLOYING t 
TRIODES OR FENTODES Pige480 - Positive and negative 
peak limitauy using twin diodes. 








Je Limiting amplifiers. 


Since there is no fundamental difference between the action of 
a triode and that of a pentode used as an amplitude limiter, unless 
otherwise stated the discussion of triode circuits my be taken as 
applying equally well to those containing pentodes, 


Consider a sinasoic’ 1 voltage applied to the control grid of a 
resistance-loaded amplifier. The cut-off voltage is determined by the 
H? supply Vg, and for values of the input voltage below cut-off the 
anode voltage remains constant at its maximum value V3. By adjustment 
of the bias, the lower level of the input at which limiting takes place 
may be fixed at any desired value. 


The upper level of the input at which limiting occurs depemis on 
the position of the flat portion of the dynamic characteristic (A in 
Fic. #72). Thos in turn is determined by Vg and the anode load resistor. 
It a sulficiently large load resistance is used the anode current 
reacnes its maxinua fer a correspondingly low grid voltage. This is 
usustlly advisable because of tne undesirable eifects of driving the 
cvid voltage far beyond tne region at waicn grid current begins to flow. 


Since it is nov usually advisable to employ a very large anode 
load this method of Limiting is normally confined to pentodes, which do 


not require tne large load resistances needed by triodes {see Sec. 4). 


An alternative method of achieving the limiting action for the 
positive portions of the imput, is to use the grid~cathode portion of 
tae valve as a diode. The circuit arrangement is snown in Fig.481 . 
The moae of operation is almost identical with that already described 
for the diode circuit of Fig. 473. In the circuit of Fiz.481 as long as 
tne input voltage does nut exceed the cathode voltage almost the whole 
value of the input voltage is developed between grid and cathode. 
However, as this voltage reaches the cathode voltage grid current flows 
and she resistance of the grid-cathode path drogs to a low value, of 
the order of 1000 ohms, If the Limiting resistor Rg 1s large compared 
with 1000 ofms, e.g. 50 kf, only a very small fraction of the applied 
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voltage appears between the grid and cathode when rid current flows. 
The greater the value of the grid resistor the greater the Limiting 
action. There are, however, reasons 


why Rg should not be too large. Rg 
and the input capacitance of the 


valve form a series circuit across 
the input, and it is the voltage 
developed across the capacitance 
which is actually applied to valve. 
The allowable maximum value of Rg 

is determined by the frequency f of 
the input voltage, since the react- 
ance of the input capacitance of the 
valve must be large compared with 
Rg if a large fraction of the 





applied voltage is to appear between s 
grid and cathode, This condition Figeh81 - Cirouit of triode 
may be written C4Rs <<—4., so that amplitude limiter (grid 

2 current limiting). 


a short time-constant circuit is 
required. If the voltage appearing 
between grid and cathode is not a 
large fraction of the input voltage 
it may not raise or lower the grid potential sufficiently to cause 
either grid-current or cut-off limiting. 


If insteaa of a sinusoidal voltage a rapid change of voltage is 
applied to the circuit, the rapidity with which the grid voltage follows 
the input is determined by the time-constant CjRs. If this is too large 
the action of the amplifier in producing a rapid change in output 
voltage is largely nullified. 


In the foregoing discussion the resistor Rg has been included for 
the specific purpose of limiting the output voltage. A similar effect 
is obtained if the output resistance of the generator is large. In this 
case the effective limiting resistance is the sum of this output 
resistarice and any additional resistance R, included to ensure the 
Limiting action. 


Zit should be noted that in the grid-current method, limiting 
oceurs actually at the grid and is reproduced in the anode circuit. In 
the two other methods the grid voltage is substantially the same as the 
input voltage. 


Almost any resistance-loaded amplifier circuit may be adapted for 
use as an amplitude limiter by arranging for the input voltage to 
operate over one or both of the flat portions of the dynamic character~ 
istic, or by the use of a grid limiting resistor, This normally entails 
a suitable choice of grid base and bias. Possible, arrangements for 
providing either positive or negative bias are described in Chap. 7; 
Sec. 4 


4. Relative Merits of Triodes and Fentodes 


A pentode has the following advantages over a triode for use as a 
limiting amplifier:-= 


(i} The input capacitance of a pentode is normally smaller than 
that of a triode owing to the diminished Miller effect. This 
enables a larger limiting resistance to be used. (See Sec. 3). 


(ii) Because a higher gain can be obtained fran a pentode the fall 
in anode voltage as the grid voltage rises through cut-off is 
much sharper than for a triode, so that the limiting effect 
at cut-off is more definite, 


469 


Chap. 9, Sect. 4,5 


(iii) The grid-base of a pentede is usually smller than that of 
a triode under similar operating conditions, This makes 
it more suitable for the production of rectangular pulses 
from a sinusoidal input voltage (see Sec. 6) and for 
similar pulse-shaping requirements. 

(iv} Good limiting action at the flat portion of the dynamic 
characteristic (A in Fig.4/2) is practicable with a pentode 
but not normally with a triode. This enables the limiting 


Za (ma) 


Vg = 200 volts. 


200K2 









Va = 300 volts. 


(6) 
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“10 -9 -6 -7 -6 +5 -4 -3 -2 -i OF Ft 


Fige482 - Dynamic characteristic, (a) triode, (b) pentode. 


resistor to be dispensed with. Fig.482 shows typical 
dynamic characteristics for a triode and a pentode. For 
the pentode (FPig.482a ) using a 30 kf anode load the 
limiting action eccurs for grid voltages greater than that 
about -1°5 volts. In the case of the triode such limiting 
action would not occur until much higher grid voitages were 
reached, even with a much larger anode load and reduced HT 
voltage (Fig.482b). 


APPLICATIONS OF AIPLITUDE LIOITERS 
5. The Production of Rectangular Pulses 


Pig, 483 shows how an approximately rectangular output may be 
produced fron a sinusoidal input by limiting action at suitably chosen 
levels AA' and BB'. Figs.(aj-(d) show how, by varying the bias in 
relation to these levels, the relative durations of the effective 
positive-going and negative-going portions of the input (Mark-To-Space 
ratio} may be controlled. If diode limiters are employed the output 
voltage is approximately identical with ‘the effective input, whereas 
with limiting amplifiers the output voltage is an inverted and amplified 
version of the effective input. 
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The greater is the ratio of the amplitude of the sinusoidal 
woltage to that of the effective input the more closely does the output 


Vi Vi 





EFFECTIVE INPUT 
VOLTAGE 





Ve 










EFFECTIVE INPUT 
VOLTAGE 


Fige483 - Production of “rectangular” pulses from sinusoidal 
inpute 


conform to a rectangular shape. Further, the rate of change of the 
Sinusoidal input voltage is greatest at the points where this voltage 
passes through its mean value; accordingly, the more closely the 
effective input voltage approaches to this mean value the more nearly 
rectangular is the output. For example, in Pig. 483 the output voltage 
is more nearly rectangular in cases (b) and (ad) than in cases (a) and 
c). 


% 


We deduce also that 
as the inequality between 
the pesitive-going and 
negative<going portions of 
the output becames more 
marked the output pulses 
deviate further from a 
rectangular shape. Fige484 - Produotion of "rectangular" 

pulses from triangular input voltage. 





Fig. 484 illustrates 
the production of output 
pulses which are approx- 
imately rectanguler from a triangular input. The duration of the 
output pulses depends upon which portions of the triangular pulses 
are limited, 
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We have assumed so far that the amplitude limiter produces an 
undistorted version of the effective input woltage. This is true in 
the case of a resistive-loaded valve, but in practice the presence of 
capacitance in parallel with the load may introdwe considerable 
distortion. The effect of this on limiting amplifiers is considered 


in Sec. 8. Ni 
6. Elimination of Irregularities mi | | (a) 
t 


smeeninn dhe 





In general the pulses Vi EFFECTIVE INPUT 
encountered in practice rarely bof 
possess the perfect shape shown in B- eee -y (b) 
Pig.485a 3; typical irregularities are ° t 
illustrated at (>), (c), (ad) and (e). vi 
If any of these pulses is applied to a a da 
an amplitude limiter so that the 8 ae -9! (c) 
effective input voltage lies between ° t t 
the limits AA' and BB', the ve 
irregularities are not present in nec ee 
the output. a -p! (d) 

In a similar manner, if a NK 
succession of pulses of varying A o ’ 
amplitude (Pig.486 ) is applied to a a ee ee 
limiter, the upper limiting level e aie 
AA' can be fixed so that the output 
consists of a succession of pulses t 
of uniform amplitude. Fig.485 - Elimination af 

irregularities. 


7. Pulse’ Selection 


As an extreme case of the 
elimination of irregularities, 
consider the waveform of Pig.487 . By a suitable choice of the upper 
limiting level AA' positive-going peaks of the input can be made 
ineffective. 

y 





In the particular example 
shomm in Fig. 487, inwhicha =| ~~“ 3°-T?T7T 7 
limiting amplifier is used, not Seeees weit t 
only the positive-going portions 
of. the input voltage, but also 
the peaks of the negative-going fige486 - Limiting the ampli- 
portions are made ineffective, tude of a succession of pulses. 


Further examples of 
discrimination between wanted 
and unwanted pulses are shown 
in Pigs. 488 and 489. 


8. TIME-CONSTANT CONSIDERATIONS AFFOOTING THE OUTPUE CIRCUIT OF A 
LIMITING AMPLIFIER. 


It has been shown in Chap. 7 Sec. 11 that capacitance in parallel 
With the anode load of a resistance-loaded amplifier may considerably 
modify the output voltage. This particularly applies to limiting 
amplifiers used far the production of rectangular pulses. 


The circuit diagram of Fig. 490 with its simple equivalent 
circuit (b) shows that the time-constant of the output circtit is 


Rake 
Rat RZ 
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where Rg is the slope 
resistame of the 
valve. For a linear 
amplifier Rg is 
constant; but for a 
limiting amplifier 
which works over the 
curved portions of 
the dynamic charac~ 
teristic Ra is by 

no means constant, 
and when the valve 

is cut off Rg is 
infinite. It follows 
that as the input 
rises through eut- 
off the time constant 
of the output becomes;—- 


Cc. Raky 

Ra + Rf 
whilst, as the input 
voltage falls through 


cut-off, the time- 
constant becomes 


C Rg (Since Ra = 00) 
EFFECTIVE 
INPUT 





EFFECTIVE 
INPUT 






OUTPUT OF 
LIMITING 
AMPLIFIER 







(b) 


Pige487 - Pulse selection; positive input 
pulses ineffective. 






#ige488 - Pulse selection; pulses ig.489 - Pulse selection; negative- 
ineffective below given amplitude going pulses ineffective. 


Consider the response of an amplifier to a rectangular input pulse 


i) 


(by 


sige490 - Limiting ampli~ 
fier circuit; time-constant 
considerations. 
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#ige491,- Limiting amplifier; time- 
constant considerations. 
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which cuts off the valve (Fig. 491 ). The initial rise of anode voltage 
follows an exponential law with time-constant Ty, = CRg. 


After the input voltage has risen through cut-off at the end of 


the pulse and acquired its steady value, the time constant for the fall 
in anode voltage is 


m= ¢.Ra RY 
Ra + BY 


Since R, is not constant this time-constant is continually changing so 
that the fall in voltage is not exponential. However, the time-constant 


is always smaller than CRy so that the fall in anode voltage takes place 
in a shorter time than the initial rise (Pig.491 ). 
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CHAPTER 10 





RELAXATION OSCILLATORS AND RELAYS 
1. INTRODUCTION 


The circuits which are cuns.ucrea in this chapter involve the 
determination of time-intervals, In some cases (Relaxation Oscillators) 
their function is much the same as that of a simple oscillator, i.e. to 
produce recurrent changes of voltage at regulsr intervals of time. In 
others (Relays) it is required to produce, in response to some input 
pulse, an output variation which occurs at some predetermined instant 
after the occurrence of the input. In such cases the circuit acts in 
the nature of a delay device, ami does not produce any output until an 


input or triggering pulse is applied. 


Relaxation oscillators are normally used to generate low fre- 
quency oscillations, e.g. from a few cycles per second to a few kilo- 
cycles per second. They are widely used to control the timing of the 
operation of various circuits in radar equipments such as time-base 
generators, modulators, aerial switching valves, etc. A relaxation 
oscillator may readily be synchronised with a succession of pulses or any 
recurrent voltage variation whose frequency is slightly greater than the 
natural frequency of the oscillator. 


Relays are used to produce delayed pulses, and find common applicatim 
in time~base circults, e.g. for the production of range markers, trace- 
brightening pulses, etc., at predetermined positions on the time base. 


Any of these circuits may also be arranged so that when 
triggering or synchronising pulses are applied at regular intervals, they 
are effect divided into groups of two, three or more pulses, Only 
the first pulse of each group affects the circuit, so that the frequency 
of the output voltage variations is a submultiple of the frequency of the 
input pulses. This process is called Counting-Down. 


Eack of these circuits depends for its action on the existence 
of at least two distinct conditions of operation, either of which may be 
stable or unstable. For example, in a two valve circuit either valve. 
may be conducting while the other is non-conducting. The transition fran 
one condition to the other tekes the form of a rapid cumulative action 
due to regeneration inherent in the circuit. The circuit is in a stable 
state if an external impulse is nseded to cause this transition; other- 
wise it remains in its existing state. The circuit is in an unstable 
state if, after an interval (time of relaxation) it reverts of its om 
accord to the alternative condition. 


Such cirovits may be classified under three headings, as 
follows :- 


(4) Circuits with no stable state of operation _ 


Circuits of this type are imowm as We 
Relaxation Oscillators. A cirouit of 
a Relaxation Oscillator is sham in 
Pig. 492. The condenser C charges 
through the resistor R until the 
voltage across it is sufficient to c 
cause the neon valve to strike. (The 
interval during which the condenser gz 
charges is the time of relaxation). 
Upon striking, the valve presents a 
low resistance and the conienser dis-~ . 2 
charges rapidly until the neon current 18-492 ~ Simple 


2 alue. relaxation oscillator 
alls below its extinction value (fsshcieg peony 


= 
v 


fhe valve subsequently presents an 
open circuit and the condenser 
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recharges and the cycle of operation repeats. Other 
well-known examples are the Multivibrator and Blocking 
Oscillator; these are considered below. 


(41) Circuits with one stable state of operation 


A circuit of this type is known as a Relay, 
Such a circuit rests naturally in its 
stable condition, but om the applica- 
tion of a triggering impulse an 
abrupt transition to the unstable 
state cocurs. After an interval of 
relaxation the circuit reverts to its 
stable condition. 


A cirewit of a relay is shown in Fig. 
493. In the stable state the gas- 
filled triode is non-conducting, the 
grid voltage being maintained below 
cut-off and the anode voltage 
remaining at H.T. If the grid 
voltage is raised momentarily above 
‘ cut-off en external impulse of 
very tee duration, the valve con- Fig. 495 ~ Simple relay 
ducts heavily and the condenser is (triggered thyratren 
discharged. This unstable state time~base). 
contimes after the triggering pulse 
is removed, and is terminated only when the valve current 
falls below ita extinction value. Subsequently C charges 
through R and the circuit reverts to its stable condition, 


(444) Circuits with two steble states of operation 


A circuit of this type ig known as a Counter. Such a cir~ 
euit rests naturally in either of its two stable conditions, 
but on the application of a triggering impulse an abrupt 
transition fran one stable state to the other takes place. 
The circuit rests in this second condition until a further 
triggering impulse causes it to return to the first. This 
type of circuit, a typical exemple of which is the Eocles- 
Jordan Cirenit, has little if any application in radar 
equipment and is not discussed further. 





Relaxation oscillators and relays may take the form of two- 
valve or single-valve circuits. In most cases the time intervals 
are determined by the exponential charging or discharging of a con~ 
denser through a resistor. In some circuits the linear Sater 
principle of the Miller time base is used (see Chap. 11, Sec. 10). 
Circuits which utilise this principle are discussed separately in 
Secs. 9 toll. 


In the description of the Multivibrator circuit, which is 
considered first, the action is discussed more or less in detail, 
each main or subsidiary feature of the oscillations being dealt with 
as it occurs during the sequence of operation. This procedure is 
adopted for the sake of readers encountering this type of action for 
the first time. In the subsequent description of circuits where the 
action is similar to that of the miltivibrator the main sequence of 
operation is described first, where convenient in note form, and any 
subsidiary characteristics important for an understanding of the 
action, or because of particular applications of the circuits, are 
dealt with afterwarus. 


It is felt that this method of description is more readily 
followed once the essential principles of cumulative action and 
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relaxation have been grasped. 


TWO VALVE CIRCUITS 





2. The Multivibrator 


The circuit of a Multivibrator is shown in Fig. 49%. This 
resaxation oscillator is a two-stage resistance-loaded, capacitance- 
coupled amplifier with the output coupled back to the input. 


The pulses produced at the anodes of the two valves are 
approximately rectangular (Fig. 495). In other words the oscillations 
uced are rich in harmonics, a fact which accounts for the name 

"“ultivibrator". 


When the circuit is first switched on a transient state 
follows in which both valves are conducting. After this transient 
period the circuit will settle down to continuous oscillations as 
illustrated by the waveforms of Fig. 495. Consider the interval 
marked (1), in which the grid voltage of valve 1 1s returning towards 
earth, As the voltage of jG rises through cut-off, the flow of 
current in valve 1 causes a drop of voltage at 3A which is applied to 
gG through Cj}. The resulting rise of voltage at 2A is applied back 
to 7G and there is a further increase of current in valve 1. This 
process is cumlative so that the voltage of ,G rises rapidly to a 
positive value and the voltage of 0G falls rapidly to's value which is 
more negative than that 
required to cut off the 
current in valve 2, Then 
the action ceases, 


‘ 


OHT 


As the voltage of 
1G rises above zero, grid 
current flows, so that the 
grid-cathode resistance of 
valve 1 becomes small. 






VALVE | VALVE 2 


This causes the 
voltage rise at 36 to be 
much smaller than the 
corresponding fall at 9G. 
(See Chap. 9 Sec. 3). 
fhe voltage at 34 falis 
momentarily below the ars 
steady value which it : 
tie anteraa nae ‘Pig. 494 =< Multivibrator circuit. 
of the relatively large 
voltage developed 
initially at 4G. 


After amplification has ceased the circuit relaxes, Cp charg- 
ing ani C) discharging. The flow of grid current in valve 1 into C2 
causes the voltage at 1G to fall exponentially towards zero, with a 

’ time-constant approximately equal to Re Co, while the voltage at oA rises 
towards Vz with the seme time~constant. 


Meanwhile the voltage at 2G rises exponentially towards zero, 
as C) discharges with a time-constant which is effectively equal to 0, Ry, 


(providing R, >> Ri). 


As the voltage at oG rises through cut-off a cumulative action 
ensues similar to that which terminated the interval (1). This action 
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is concluded when the current 
of valve i is cut off, 


After amplifica- 
tion has ceased the circuit 
relaxes again (interval (3), 
Pige 495). The flow of 
grid current in valve 2 
causes the voltage at 2G to am 
fall towards zero with a U7 
time constant which is 
approximately equal to BR) Cj, ‘ 
while the voltage at jA rises 0 + aos £ 
towards Vp with the same / 
voltage at 2G falls the ares peda 
voltage at oi rises. The 2Ua os 
voltage at 3 rises TIME CONSTANT <2 Ro 
exponentially towards zero 
with a time-constant which 
is approximately equal to 

Rj, andi as this voltage 
ses through ot oe TIME CONSTANT C3Rz 
reconiucts. cycle 
operation is now coupleted and 
the whole sequence repeats. 





TIME CONSTANT oy a, 








So far it has been 
assumed that the sudden 
changes in potential take 





TIME CONSTANT CR 


place instantaneously. How- Rg 
ever, the presence of the i 
inter-electrode and stray Fig. 495 - Waveforms for 
capacitances which are multivibrator circuit, 


represented in Fig. 494 by C, 

and ©), prevent any instant- 

aneous changes. Thus, the 

cumlative rise of potential at the anode of valve 1 takes place with a 
time-constant R, ©,, whilst that at the anode of valve 2 takes place 
with a time~constent Rp C3. After the cumlative action is over the 
anode voltage of valve 1 rises during interval (3) with a time-constant 
Cy R, whilst that of valve 2 rises during interval (2) with a time- 
constant C2 Ro. In order that these rises of potential should be 
rapid the load resistances should not be too large. The rise 
of anode voltage may then take place in less than 1 microsecond if use 
is made of receiving valves of large mutual conductance. If extremely 
repid action is required (0¢2 microsecond) beam power valves should be © 
used, capable of passing large currents. 

The duratiovis of the various portions of the waveforms shown 
in Fige 495 depend not only upon the tine-constants but also upon the 
minisum values of the voltages at the control grids ani the cut-off 
voltages of two ves. If the minimm grid voltages for valves 
1 and 2 are -)V and -5V while the cut-off voltages are -1Vq and '-oV 
respectively it may be shown that the periodic time of the oscillations 
is given by:- 


y v 
T% 01 By, 10g t- + Op Bs easy . 
For a typival multivibrator, in which 
Ww = ov = 40, and 
We * aq = 0, 
this reduces to: 500 
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T S206 (C] By + Co Rs), 
Hence the frequency is given by: 
eh i ; 
266 (Cy Ry + Co R3) 


This formla is applicable only to multivibrators which operate at 
frequencies not greater than about 1000 c/s, since in its derivation 
inter-slectrode and stray capacitances have been neglected. 


In a symmetrical cirouit the durations of the positive- 
going and negative-going portions of the voltage variation at either 
anode are equal, (Fig. 495). These portions will be of unequal 
duration if:= 

(4) the time-constants, C, Ry and Co Rz are unequal; 
(44) valves 1 and 2 ere dissimilar; or 


(414) bias is introduced into one valve circuit only. 





In radar apparatus it 1s sometimes necessary to change the 
relative durations of the positive-going and negative-going portions. 
of the output voltage without appreciably altering the oscillation 
frequency. This may be accamplished, within limits, by the arrange- 
shown in Fig. 496. In this circuit the coupling capacitames 
the same value, C. By means of a switch, the individual values 


ae 





Bz and of the resistances of the two grid leaks can be altered 
thout a change in their sum, so that the frequency:- 
f= i 
206 © (Rs + By) 





= -_ 
7 v 


Fig. 496 - Cirevit with variable 
mark-to-space ratio but constant 
frequency. 


Fig. 497 ~ Multivibrator with 
leaks connected to HT line. 


It is frequently advantageous to comect the grid leak 
resistors to a source of high positive potential rather than to earth; 
(Fig. 497). This causes the grid woltage of each valve to rise more 
sharply through cut-off so that the onset of the negative-going pulses 


at the anode is more clearly defined. In the olreuit of Fig. 497, 
the time-constants C, Ry and Co Rz must be greater than those for the 
circuit of Pig. 49) if the same frequency of oscillation is desired. 
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If a succession of pulses. or amy reourrent voltage 
variation, is intro@uced fren en external source into the circuit of 
a miltivibrator, the frequency of oscillation tends to increase until 
it is equal to, or is a multiple or submultiple of the frequency of 
the injected signal. Suppose that positive-going pulses are applied 
to the grid of valve 1 (Fig. 494), their frequency being slightly 


VOLTAGE 


VOLTAGE 
(C1) SYNCHRONISING PULSES t 


° & 
! 
(QQ INPUT PULSES 
Vg 
\ 


°o 
CUT-OFF b-p--—-—-—- 






° 
CUT-OFF 









7 
7 FREE -RUNNING 


SYNCHRONISED 
(1b) VOLTAGE AT GRID OF TRIGGERED VALVE (B) VOUTAGE AT GRID OF TRIGGERED VALVE 


Big. 498 = Synchronisation of Fig. 499 = Counting-down. 
a multivibrator. 


greater than that of the freely-running miltivibrator. Fige 4.98 shows 
the resulting variation of potential at grid 1G. When the pulse arrives 
1G has not quite reached its cut-off voltage, but the application of the 
pulse carries it over this point, so hastening the transition to the 
conducting state. The multivibrator action is thus synchronised with 
the applied pulses. Fig. 499 shows the use of a multivibrator as a 
frequency divider. By a suitable choice of component values the cir- 
cult may be arranged so that it is triggered by each n-th pulse; the 
multivibrator frequency is then +-th of the input frequency. In 
practice n is not usually greater than 10, although with care in adjust- 
ment it may be made as high as 50. 


Tf only one valve is triggered in thia way the duration of 
only the positive-going portion of its anode voltage is affected. If 
it is desired to control the durations of both portions of the cutput 
voltage, both valves should be triggered, eg. by applying negative 
triggering pulses between the common cathode and earth. 


There are several advantages in using pentodes instead of 
triodes in a multivibrator circuit. The presence of two additional 
electrodes in each valve to which pulses can be applied, or from which 
they can be taken, makes for greater flexibility in cirewit design, and 
an immediate advantage is that one grid can be used exclusively for 
synchronising purposes. The use of pentodes also makes it possible to 
eliminate the peak occurring at the beginning of each negative-going 
portion of the anode voltage of a multivibrator (P, Pig. 495). The 
effectiveness of this limitation, the principle of which is discussed 
in Chap. 9, Sec. 4, is dependent on the anode load resistances used. 


The circuit shown in Fig. 500 is thet of a multivibrator 
using pentodes. The circuit iz similar to that of Fig. 494. but the 
screens of the valves are used as anodes for the generation of the 
relaxation oscillations. Same of the space current in the conducting 
valve reaches the true anode and, flowing through the load resistor, 
provides the output voltage. In this type of oircuit it is seid that 
the anode circuits are "electron-coupled" to the remainder of the valve, 
as in the "Electron-Coupled" oscillatcr. For each valve the soreen 
ami control grid are shielded from the ancde by the suppressor grid. 
Hence the load does not greatly affect the action of the relaxation 
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circuit, and the fre- 
quemsy of oscillation is 
substantially independent 
of changes in loading. 


3. Gathode Led 
Multivibrators 


Various forms 
of multivibrator are in 
use other than the con- 
ventional type already v 
deseribed. Fig. 501 
shows an arrangement 
known as a Cathode- 
Coupled Multivibrator. 
The operation of this 
eircuit is similar to 
that of the conventional multivibrator and involves the same kind of 
cumulative action. 
A change in grid- 
cathode voltage 
gives rise to a 





THE OUTPUT MAY BE TAKEN FROM 
A&A OR B AS REQUIRED 


Pig. 500 = Blectron-coupled multibrator. 


THE OUTPUT MAY BE TAKEN 
FROM AORSB AS REQUIRED 


WITH THE FOLLOWING VALUES. THIS 
CIRCUIT PRODUCES THE WAVEFORMS 
SHOWN IN FIG 502 


chain of events 
resulting in a 
similar but emplified 


Ris 24kn ClO Oi“F 
R25 36Kn C2 = O03yF 
R3= (165 Kn 
R4= IM 

R5= 20Kn 
R6=1O0OKn 


voltage variation 
being added to the 
voltage between grid 
and cathode so that 
the circuit is un- 
stable. 


VALVE | CV 1065 
VALVE 2 CV 1065 


A brief 
explanation of the 
action is given 
below in note form. 





Assume 
valve 2 to be con- 
ducting and the 
current in valve 1 
to be cut off, 
(interval (1) Pige 

As the voltage at 


Fig. 501 = Gathode-coupled 
multivibrator. 


The voltage at 4K falls as Co discharges. 


502). 
3k approaches that of 1G valve 1 starts to conduct. 


The subsequent behaviour is as follows:- 
The voltage at 1A falls (after amplification in valve 1). 
® " ® a os, 


td s A 4x a 


(as in a cathode follower), 
‘stil] further, so that the action is cumulative 


This action is terminated when the current in valve 2 is out off. 


Interval (2 


Co discharges as 2K returns towards earth potential in the 
absence of current in valve 2. ° 


As the voltage at oK approaches that of 9G valve 2 starts 
to conduct. 


The voltage at oK rises. 


903 


The voltage at 4K rises, 
tt i tt A n 


(after amplification in 


valve 1). 
The voltage at oG rises, 
" it n " 


oK 
still further so that 
the action is again 
cumulative. 


This action is 
terminated when the 
current in valve 1 is 
eut off. 


Interval 


Co charges 
as jK returns towards 
earth potential and 
the action repeats. 


It has been 
assumed that no appreciable 
change occurs in the 
voltage at oG during the 
intervals between the 
transitioris from one state 
to the other. This 
assumption is justified 
if ¢ Ry is large com 
mace with the period of 
oscillation. 


An essential 
feature of the operation 
is that the cathode load 
resistors of the two valves 
are unequal, so that when 
valve 1 is conducting jK 
is at a lower potential 
than oK when valve 2 is 
conducting. It is the 
charging and discharging 
of Cp through this 
potential difference 
which determines the 
period of oscillation. 
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mE 


(b) se 
© ee == >a 


(c) 








2UA 


d) 





Veo —»t 














Fis. 502 - Waveforms for cathode- 
coupled multivibrator. 


The time-constant which determines the duration of interval 


(2) is approximately C2 RE. 
cathode circuit of valve § 


(neglecting the output resistance of the 


The time-constant which determines the duration of interval 


(3) is approximately C2 Bg 


(neglecting the output resistance of the 


cathode circuit of valve 2). The frequency is thus approximately 
proportional to 

ee ee Seals 

G2 (B5 + R6) 


and the mark-to-space ratio depends on the ratio R, . 


However, if 


the values of and RE are altered, the amplitudes of the voltage 


variations at + 
across Co is affected. 


cathodes are changed so that the voltage developed 
For this reason if it is desired to change 
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the mark~to-space ratio ONT, 
by changing the ratio : 
Rs/Rg, some further 


adjustment must be made 
if the frequency of 
oscillation is to remain 
the same. This may 
take the form of an 
alteration to the value SYNCHRONISING 
of Rye 


oy 





Since the 
control grids are main- 
tained at a high 
positive voltage, only 
@ small portion is Fig. 503 = Alternative form of cathode- 
utilised of the coupled multivibrator. 
exponential fall of 
either cathode towards 


earth. This ensures 
that the instants at which cumulative action occurs are clearly defined. 


i= CURRENT THROUGH VALVE I AT ZERO BIAS 
An alter= Ty CURRENT THROUGH VALVE 2 AT ZERO BIAS 
native form of 
cathode-coupled 
multivibrator is 
shown in Fig. 503; 
the waveforms for this 
circuit are given in 
Pigs 50h. The relaxe- (a) 
tion times are deter- 
mined by the charging 
of Cy through R, and 
- the discharging of Cy 
through R3. In this 
case the asymmetry in (b) 
the cathode circuits 
is provided by the 
resistor Re. 


DEARTH 


— 
v 








multivjbrators of (c) 

this type the 

asymmetry which is ° £ 
essential for the 
operation is afford~ 
ed by the use of. 
valves which are of 
different. current- 


carrying capacities. 
4. Relay Circuits 


If the bias 
witage applied to 
one of the valves of 
a multivibrator is 
made sufficiently 
negative the circuit 
becomes so unbalanced 
that it is no longer 





Fig. 504 ~ Waveforms for alternative form 
of cathole-coupled multivibrator. 
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free~rumning. The circuit then operates as a relay, the stable state 
being that in which the unbiased valve is comlucting. The circuit 
can be triggered from the stable to‘the unstable state by the leading 
edge of an applied pulse, which causes the biased valve to conduct. 
fhe subsequent action is similar to that ef a mltivibrator except 
that after the biased 
valve has again becans 
non-conducting it remains 
fn this condition until a 
further triggering pulse 


is applied. 
In general a 





VALVE { VALVE 2 


amplitude compared with 

the duration ani emplitude Pig. 505 ~ Two-valve relay. 

of the applied pulses. 

The nature of eech output 

pulse is normally not 

dependent upon the amplitude or duration of the triggering pulse, 
provided the latter is sufficiently large to initiate the action, 


Fig. 505 shows a 
INPUT PULSES possible circuit errange- 
ment of a relay. The cir- 
oult is essentially that of 
the multivibrator, but valve 
1 is biased so that the 
current in this valve is 
normally cut off, whereas 
valwe 2 is unbiased. 
Initially, therefore, the 
anode voltage of valve 1 
is et HT (Vp), while the 
anz"o voltage of valve 2 ip 
at a ler level (Interval (1) 
Pige 506). 


Assume that the 
relay ia triggered by a 
nagative~going pulse applied 
to the anode ,A of valve 1 
(ieee, to the grid 2G of 
valve 2), The subsequent 
behaviour is aa follows:- 


(Dee 2 pee 3 2» ________» L 


The voltage at 5G falls. 
® W. e 





C, DISCHARGES rises. 

rime CONSTANT Cc, Ro 8 " " & rises 

“ os ; by an smount s nt 
Figs 506 = Action of tro-valve to cause valve 1 to con 


relay. duct. 
The voltage at 7A falls 
still further, and the 
action is thus cumulative. , 


This transition ceases when the current in valve 2 is cut off, 


Interval (2 


C1 discharges as 2G returns towards earth potential. . Aa 
the voltage at oG risex through cut-off, anode current flows in 


306 


Chap 10, Sect 4 


valve 2:- 


The voltage at oA falls. 
a 2 16 " i. 
nw ares ' 
oe " still further, end the cumulative action 
ceases when the current in valve 1 is cut 
off. 


Interval (3) 


‘ Go discharges as 1G returns towards earth potential. 
Valve 1 remains cut off by the bias developed across R¢. 


fhe duration of interval (2) depends on the time-constant 

C, B, (assuning R, >> By). The other time-constant Cz Ro must be 
ently to prevent any substantial change in the voltage 

at 4G during’ the interval (2), but short compared with the interval 
(3) so that the cirouit returns to its imitial state before the 
next triggering pulse is applied. If the latter condition is not 
satisfied. the circuit does not respond to the next pulse, and 
counting-down occurs (Sec.2). 


The time-constant of the discharge of Co can be considerably 
reduced by the insertion of a diode between 1G and earth, with its 
cathode connected to 1G. 


The relay may also be triggered by the application of a 
positive~going pulse to 2A or 3G. If this method is employed a larger 
pulse is necessary since the amplification afforded by valve 2 is dis- 


pensed with. 


The method of triggering indicated in Pig. 505 has the 
edditional advantage that as soon as valve 1 conducts the input resis- 
tance of the anode cirouit ia low, so that the normal operation of 
the relay is not likely to be affected by the trailing edge of the 


triggering pulse. 

Secondary effects occur similar to those which arise in the 
case of the multivibrator; these are indicated in the waveforms of 
Pig. 506. 

Pig. 507 shows an alternative method of biasing. The current 

in valve 2 develops across the common cathode resistor a bias 


voltage sufficiently large to ensure that the current in valve 1 is cut 
off in the absence of a triggering pulse. 


Vp 





VALVE | -_ VALVE 2 VALVE | = VALVE 2 


Fig. 507 = Two-valw® relay with Fig. 508 ~ Cathode-coupled 
alternative biasing ar-angement: relay. 


In both cireuits the onset of the trailing edge of the output 
pulse is more clearly defined if the grid leak Ry is connected to the 
HY supply instead of to the cathode (compare Sec. 2). 
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Fige508 shows the circuit of a cathode-coupled relay and Fige509 
shows waveforms at points of special importance. The action is similar to 
that of a cathode-coupled mitivibrator, It is essential for the relay 
action that the current flowing in valve 2 when conducting is greater than 
that in valve 1 when valve 1 is conducting. This may be ensured by using 
different valves, or by making Ry Ro 


The action is as follows:- 
Interval (1 
Valve 1 


current cut off, valve 
2 conducting, A 


positive triggering te 
pulse causes valve 1 
to conduct. == (= eee 9 Gp 
oO 7 af 
Voltage at 3A falls, sicap } 
® 8 a 


2G 9 
Current in valve 2 is 
reduced. 





CUT OFF 
°o 


The current flowing 
through R, decreases, 

since valve 1 does Ma 
not conduct as 
heavily as valve 2. 


Hence the voltage at 


1K decreases. e é 
Current through valve a 
1 increases. 





The voltage at ,A 
falls still further, 
S80 that the action 
is cumulative, 
ceasing when valve 2 
current is cut off. 


Interval (2) 


Cy dis- S ——, 
charges; a3 the 


voltage at 9G rises 
through Se Fig. 509 ~ Waveferms for cathode~ 


coupled relay. 








Current flows in 

valve 2. 

Voltage at both 

cathodes rises. 

Current in valve 1 is reduced. 

Voltage at JA rises. 

Voltage at 5G rives, the cumulative action ceasing when the current 
in valve 1 is cut off. 


interval _(3) 


As the voltage eat 2G rises above that of oK grid current 
flows and Ci charges rapidly as the relay resumes its stable state. 
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ONE-VALVE CIRCUITS 
5. ‘ransitron Circuits 


A single multi-electrode valve such as a pentode may be used 
to generate voltage variations by a mode of operation similar to the 
action of two-valve relaxation oscillators and relays. Under certain 
conditions the space charge between screen ani suppressor grids of a 
pentode can act as a virtual cathode, so that variation of the 
suppressor grid potential can be used to control the anode current. 

In these circumstances, this virtual cathode, together with the anode 
and suppressor grid, can operate as one triode valve, whilst the true 
cathode, control grid and screen grid act'as another. In.this 
manner one valve may be made to fulfil the functions of the two 
valveg in the circuits already described. The essential similarity 
between the one-valve and two-valve circuits will be seen in the cir- 
cult diagrams as soon as the principle is grasped of treating the 
pentode as a pair of triodes. There are, however, one or two 
characteristics which apply particularly to Transitrons, as one-valve 
clirouits of this type are called:- 


(4) There is inherent in the circuit, but only for certain 
values of anode, suppressor and screen voltages, a matual 
interaction between ancde and screen grid. So long as a 
wirteol s:thode is present, a reduction in anode voltage 
diminishes the anode current and cause3 an increase in 
acreen current. This leads to a fall in screen voltage 
dus “9 the increased current through the screen load or 
@ropping resistance. On the other hand, the converse is 
not true; a reduction in screen voltage diminishes both 
the anode and screen-grid currents, so that the anode 
voltage rises due to the decreased current through the 
anode load. 


(44) In the two-valve circuits the two stable or unstable con- 
ditions occur when, in turn, each valve is conducting 
while the other is cut-off, One of the conditions 
arising in the transitron is similar, namely that in which 
the anode current is cut-off by suppressor grid action. 

No condition can arise, however, in which screen current 
is out off, since this would imply that the anode current 
were cut off, too. Instead, the two states may be dis- - 
tinguished by the soreen-voltage levels. When anode 
current flows, the soreen current is snail and the screen 
voltage high; when anode current is cut-off, screen 
current is large and the screen voltage is low. 
Relaxation oscillations or relay actions take the form of 
transitions from one of these states to the other and back 
again, 


(414i) As described in Chap. 6 Sec. 34, ani illustrated in Fig. 300(a), 
for certain values of anode ani suppressor voltages a rise 
in voltage et the suppressor grid leads to a decrease in 
screen current; so that if the screen load is not decoupled 
the screen voltage rises. An easential feature of trans- 
sitron cirouits is that the sereen and suppressor grids are 
coupled by a condenser so that over this region of the 
valve characteristics (B to C, Fige 300(a)) the action of 
the circuit is cumulative. A rise in suppressor voltage 
causes a rise in screen voltage due to the electronic 
action in the valve, and this in turn causes the suppressor 
voltage to rise still further due to the coupling circuit. 

A similar cumulative action follows a fall in suppressor 
voltage over the same region. 


It should be borne in mind that whether this. cumulative action 
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can cocur or not depends on the potentials of the other 
electrodes in the valve; in particular, that of the anode 
needs to be low.. 


(iv) If a feed-back resistor is included in the cathode lead 
this acts in a manmer similar to that of the common 
cathode. resistor of a cathode-coupied multivibrator or 
relay. When anode current flows the bias developed 
across this resistar is likely to be much greater than 
when the anode current is cut-off by suppressor grid 
ection, 


6.  ‘Transitron Relaxation Oscillator 


fransitron Relaxation 
Oscillators are not in normal use 
in radar equipment since in 
general they are leas stable, and 
also less flexible in design than 
the two-valve circuits. However, 
one arrangement, known as the 
Pleming-Williams circuit, is 
suitable as a free-running 
generator of segrtooth voltages, 





The circuit arrangement v 
is shown in Fig. 510. The wave- Fig. 510 = Transitron relax- 


Stee oe peach in ation oscillator. 
“Fig. 511. 
The astion is as follows:- Interval (1) 


Anode current 
is flowing so that the 
soreen voltage is at 
the higher of its two 
levels of operation. 
Cj discharges as the 
anode voltage falls. 
fhe suppressor voltage 
falis fron a positive 
value. 4s the anode 
voltage falls a virtual 
cathode begins to fam 
between screen and 
suppressor grids and a 
state is eventually 
reached at which the 
eumulative action des- 
eribed-in Sec.5 (iii) 
is initiated. The 
fall in suppressor 
voltage causes a fall 





SUPPRESSOR; 


VOLTACE 1 
t 





VALUES OF COMPONENTS USED:- in sereen voltage and 
Ry= ofa Rz~s00kn Ry = 2504n, because of the coupling 
Ci= OME Cet fF ciroult formed by Co 


THE VALVE IS A CVIO9I WITH A HT SUPPLY OF 350 VOLTS | 


and Rs the suppressor 


: . voltage is further 
Fig. 511 = Action of transitron reduced, This 


relaxation oscillator. ative: achion peanee 
when the anode current 
is cut off (see Fig.511). 
The voltage at Go has then fallen to the lower of its two levels of 


operation (Pige 511). K { 0 
& 
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Interval (2) 


Co discharges and the voltage at G; rises exponentially 
towares zero with a time constant approximately Cp Bz (Ro KR;). 
At the same time C, charges through Ry, and the anode voltage Se 
A point (suppressor-grid cut-off) is reached at which anode current 
starts to flow, so that the screen current decreases, Hence:- - 


The voltage at G2 rises. 
" i . Gz rises; 


this further increases the anode current and reduces the screen 
current so that the action is cumilative, 


This cumulative action ceases when the virtual cathode 
between Go and Gz disappears (the anode voltage is now high), so 
that a further rise in the potential of Gz has negligible effect on 
the anode current. This occurs when the voltage at is in the 

’ region of zero potential, However, the voltage at Gz"is raised 
considerabiy above zero by the rise in soreen voltage. 


Interval 


Cp charges and the voltage at falls towards zero. The 
anode voltage falls as Cy discharges and the cycle of operation 
repeats. 


The oscillations may be synmchronised satisfactorily by the 
application of either positive pulses to the suppressor grid or 
negative pulses to the control grid. In either case the applied 
pulse initiates the cumlative action fraa interval (2) to interval 


(3) (Pig. 511). 
7s  Transitron Relay 


In the circuit 
depicted in Fig. 512, the 
components are chosen so 
that a stable state exists’ 
in which there is no virtual 
cathode between screen and 
suppressor grids; this is 
Gone by making the anode 
load sufficiently small. 
Alternatively, a stable 
state can be obtained if the 
suppressor grid is connected 
to a source of voltage 
sufficiently negative to | 
prevent anode current fron Fig. 512 - Transitron relay. 
flowing. ‘The comfenser C) 
of Fig. 510 is omitted from 
the relay cireuit when a 
rectangular output voltage is required at the anode. The relay may 
be triggered by either a positive-going or a negative-going pulse of 
smail amplitude applied either to the control grid G, or to the 
suppressor grid Gz. A larger triggering pulse is needed at G3 :than 
will suffice at Gy. 


Pig. 513 illustrates the action following the application of 
a small positive pulse to Gj. Initially, during the interval (1), 
anode current is flowing and the suppressor grid is at sero potential, 


Intervai (1) 
As the voltage at G, rises:- 
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the space current 









increases, ; VOLTAGE AT Gy 
the voltage at Go falls eee oe = 
«© Gz falls, A fo | | 


the anode current is +340 {-~—-~~— 
reduced and the voltage 
at A rises. 


The reduction in anode vee 
current is accompanied \ 
by a further increase i 
in screen current VOLTAGE AT Gp | 
causing the voltage at ede aides bleak 
Gp to fall still further. 


This cumulative action oo eo De ese eos, 
ceases when the anode ° { : 
current is cout off so 
that all the space ! i 
current flows to the VOLTAGE AT G5 | ‘ 
screen. i 


af ~~ 





The screen current Selena neta gt ease Gee Belden tes 
decreases ani the -70b----——-| (7 S-------~----- 
‘voltage at G2 and Gs eholseese WU e22 Se et 


ern Ge es TIME CONSTANT= CRy 

zero; but provided the 

fall in voltage at Go Fig. 513 = Action of transitron 
and Gs during the relay; positive triggering pulses. 
cumulative action is 


by the negative voltage at Gz, 


Interval (2 
) C discharges with time-constant approximately CR3, (8; > 
Bo). 
The voltage at G, rises towards zero. 


At a certain value (suppressor-grid cut-off) anode current 
begins to flow. 


The voltage at A falls. 


The increase in anode current is accompanied by a redaction 
4n soreen current causing the voltage at Gp to rise. 


This causes a further rise in the voltage at Gz so that 
the action is cumulative ani the relay returns to its stable con- 
dition (interval (3)). 


Since the suppressor voltage rises above zero due to the rise 
in screen voltege, suppressor current flows and C charges rapidly. 


This flow of current through Ro causes the irregularity shown 
in the anode and screen-grid waveforms at the trailing edge of the 


output pulse (beginning of interval (5)). 


fhe response of the circuit to a negative triggering pulse 
applied to screen or suppressor grid is essentially the same as in the 
case desoribed sbove. 


® 
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The effect of applying 
a negative triggering pulse to 
the control grid is illustrated 
in Fige 514% ## No cumulative 
action follows the initiel fall 
in voltage; this merely results 
in amplification at screen and 
anode as shown in the diagram, 
the voltage at the suppressor 
grid G3 rising with the screen 
However, provided the 


sufficient amplitude or duration, 
the condenser C charges, due to. 
suppressor current flowing, 

Due to this charging of C, the 
fall in screen voltage at the 
end of the applied pulse carries 
the suppressor voltage below 
zero potential, initiating the 
game cumlative action as was 
described with reference to the 
response of the relay to a 
positive triggering pulse. The 
remainder of the action is 
identical with that which 
follows in the former case. 


If the initial rise of 
suppressor grid voltage is very 
large the effects described may 
be offset by the flow of 
reversed suppressor current. 

In some pentodes (e.g. CV1091) 
this may occur when the suppressor 
cathode. 


VOLTAGE AT G, 





VOLTAGE AT Go 


LA 


VOLTAGE AT G3 


ro 


Fig. 514 = Action of transitron 
relay ; negative triggering 
. pulse, 


grid is about 40V above that of 
In such a case the net effect of the pulse applied to the 


control grid is to cause the condenser C to discharge rather than 


charge, ani no cumulative action can occur. 
eliminated by inserting a diode between 
» a8 shown by the dotted 


connected to 


This effect can be 
ama cathode, with the anode 
s in Fig. 512. The 


emission of electrons from the diode cathode is likely to exceed con- 
siderably any secondary emission from the suppressor grid, so that the 


charging of C is ensured. 


The response of the relay to a positive triggering pulse 
applied to the screen or suppressor grids is similes to the case Just 


desoribed, 


In all cases the duration of the output pulse, positive-going 
at the anode and negative-going at the screen, depends upon the time- 


constant CR3. 


Owing to the large value of screen resistor necessary 


for the operation of the relay it is not normally practicable to take 
the output from the screen grid unless it is to be applied to a circuit 
with a correspondingly high input resistance and low input capacitance. 
Wo such limitations normally apply to the anode circuit, where the 


output resistance is small, 


Owing to the fact that valves are not normally manufactured 
to give precise suppressor~grid characteristics the Dehaviour of a trans 
sitron circuit may vary considerably if different valves, even of the 


same type, are used. 
to be preferred. 


8 fhe Blocking Oscillator 


For this reason two-valve circuits are frequently 


The Blocking Oscillator is a form of relaxation oscillator 
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which is used primarily as a generator of 
rectangular pulses. The duration of the 
output pulses is normally of the order of 
10 - 100 microseconds. The principle of 
the blocking oscillator is similar to 
that of the self-quenching oscillator, 
described in Chap. 8 Sec. 47. (It is 
common American practice to use the same 
term Blocking Oscillator far both types 
of circuit.) In the blocking oscillator 
the regeneration is sufficient to ensure 
that the valve current is cut off before 
a single cycle is completed. 





Pig. 515 =- Blocking 
oscillator. 


The circuit arrangement of one form of blocking oscillator is 
shown in Fig. 515. The waveforms for this circuit are given in Fig. 
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Fig. 516 - Blocking oscillator 
waveforms- 


516. 


Although the 
eircuit diagram is 
similar to that of a tuned 
grid oscillator the 
effective “tuned circuit" 
is much more complex. No 
tuning capacitance is used, 
and the inductance of the 
grid coil in parallel with 
its stray capacitance 
forms a ringing circuit, 
When grid current flows 
this circuit is heavily 
damped and is shunted by 
the series arm formed by 
Cg amd the grid-cathode 
resistance. The period 
of oscillations in the 
grid circuit is thus con- 
siderably increased by 
the flow of grid current. 


Two essential 
conditions of operation. 
of the circuit are:- 


(i) The coupling 
: between output 


and input circuits must be very tight, so that the grid 
voltage is forced to a high positive level at the beginning 
of the cycle (period (1)). This ensures a large flow of 
grid current to charge the bias condenser Cg. 


(14) Although the time-constant Cy Rg must be large, so that there 
is an appreciable interval of relaxation between the output 
pulses, Cy must be small. This ensures that the bias 
voltage developed across Cy acquires a large negative value 
pefore the end of the positive pulse at the grid. 


If the bias is not large enough, subsequent free oscillations 
in the grid circuit may raise’ the grid voltage above cut-off again. 


The relaxation time is determined by the maximum value of the 
bias and by the time-constant Cg Rg. Since the duration of the pulse 
is normally much shorter than the relaxation time, the latter is the 
main factor in determining the repetition period. 


The duration of the output pulse depends on the value of the 
inductance and the various capacitances and resistances associated with 


O14 


Chan 10, Sect. 8 


the grid circuit. It may be reduced by:- 
(1) reducing the effective inductance; 


(41) reducing the capacitance Cg; 


(441) dimoreasing the flow of grid current, e.g. by the use of a 
valve with greater cathode emission. 


The grid leak may be connected to a positive supply instead 
of to earth. In this case the grid voltage rises towards a positive 
potential so that the instant at which valve current starts to flow 
is more precisely determined than when the grid voltage rises 
towards zero (see Chap. 8, Seo. 47). 


The blocking oscillator may be readily synchronised by a 
positive-going pulse applied to the grid; alternatively, the time- 
constant may be adjusted so that counting-down occurs. 


4n alternative farm 
of the blocking oscillator 
cireuit is shom in Fig. 517, 
where an electron-ceupled 
Hartley Oscillator is used 
(see Chap. 8, Sec. 8). In 
this case the effective 
inductance of the grid circuit = sola 
depends, emong other things, | 
on.the value of the damping ° 
resistor R, in the primary PRIMARY SECONDARY 
circuit. A decrease in R 
Fhereerndihsngear hp peat ae the Pige a ~ Alternative form of 
demping, so that the smplituie locking escillator. 
and duration of the output 
pulses are reduced. The 
decrease in amplituaie causes 
an increase in recurrence frequency. The recurrency frequency 
also be varied more or less independently of the duration cf the 
pulses by altering the value of the grid leak. 


With the component values shown in the figure, the duration 
of the negative-going pulses at the ancde is of the order of 15 
microseconds, and the repetition frequency can be varied from about 
500 c/s = 2000 o/s. 


Blocking oscillators are frequently used with the automatic 
biasing network in the cathode circuit. In circuits of this type it 
is not practicable to use a very large resistance in the cathode lead, 
so that the condenser must be made larger than in the grid-biasing 
cireuits in order to provide a long time-constant for the discharge or 
relaxation interval. This inorease in the circuit capacitance tenis 
to cause the output pulse to be of longer duration in the cathode- 
biased oscillators than in the grid-biased circuits. 


More complicated oircuits may be designed to make the 
reeurrence frequency substantially independent of fluctuations in 
supply voltage. These arrangements generally incorporate a ringing 
circuit, the period of which is unaffected by changes in supply 
voltage. This technique constitutes a marked departure from the 
“relexation" method of determining time-intervals. 
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CIRCUITS EMPLOYING Tis MILLER TIME<3ASi PRINCIPLE 
9. General 


The circuits discussed in the remaining sections of this 
chapter employ the method used in the Miller Time-Base Circuit of 
generating linear voltage variations. This principle is dealt with 
in detail in Chap. 11 Sec. 10. It involves the use of a pentode 
with a condenser connected between anode and control grid. The 
valve is controlled externally by the voltage at its suppressor grid. 
When this voltage is such as to allow anode current to flow, the 
anode voltage falis as the condenser discharges. The anode "run- 
down” is very nearly proportional to time.- In the Miller time-base 
circuit some additional control device is needed for releasing ami 
resetting the valve, and also for maintaining a constant voltage at its 
‘suppressor grid during the run-down interval. 


In the circuits about to be described the principle of the Miller time- 
base is enbodied in a relay action. These circuits are at present described by 
rather fanciful names, which have no scientific connotation. In the case of the 
Sanatron, a second valve is used for controlling the Miller valve in response tc 
an externally applied triggering pulse. In the Phantastron circuit a single 
pentode valve is used to fulfil the double functions ef control and Miller valve 
Many variants of these circuits are used, either as relays or as relaxation 
oscillators, but only the two principal circuits are described here. 


10. The Sanatron 


A simplified circuit diagram of this relay is given in Fig. 
518. An outline of the action is as follows:- 


Initially 
valve 2 is con- 
ducting, while the 
anode current of 
valve 1 is cut off 
by the negative 


bias on its suppressar gd 
grid 3G. A Sie 1H OUTPUT 





negative triggering 
pulse is applied to 


the suppressor grid 
2G3 of valve 2. R, 
r is of sufficient 
“Vy \ 


amplitude to cut off 
the anode current in : Z ; 
valve 2. Fig. 518 - Sinplified sanatron circuit. 
Voltage at oA rises. 
Voltage at 1G5 rises. 


Thereafter, while the anode current in valve 2 remains cut 
off, these voltages are held at steady values by the potentiometer 
chain between Vp and -Vj. 


As the voltage at 163 rises towards a positive value, anode 
current flows in valve 1, catsing an instantaneous fall in anode voltage 
followed by a constant rate of collapse. This fall in voltage at4A is 
commmicated to the control grid 9G, via the network Co - R, and is 
sufficient to cut-off the current in valve 2. The rate of Collapse of 
anode voltage is given, as in the Miller time-base generator, by 


aVg, V2 
dt ° CyRy 


At the end of the run-down at 1A, the anode voltage “bottoms", Co 
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discharges, and the voltage at o6, returns towards Vo. As this 
voltage rises through cut-off, valve 2 reconducts:- 


fhe voltage at oA falls. 
# LJ " 


Gz " - 
m . = vues 
" . " 9G, " still further so that the action is 
cumulative. 
This cumulative action ceases rhen the 
anode current in valve 1 is cut-off. 


Cy 
and Co re- 
charge as the 
voltage at ,A4 
returns to 4s» 
and the cir- 
cuit reverts 
to its 
initial state. 


Fige 
519 shows a 
practical form 
- of the sanatrm 





circuit, and 
the waveforms. 
of the volt- ee | ee ae ae 
ages at the Ae = isoke e = OS ur Ve = 2000 
electrodes are S: eet an 
aiom Se Fig. mp2 ee 

A Fig. 519 = Practical sanatren circuit. 
diode, valve 
3, is in- 
cluded to 


limit the anode voltage of valve 1. During the recharging period the 
anole voltage returns towards Vp but as the diode conducts is clamped 
at the level Vz, determined by the setting of the potentiometer slider 
P. This diminishes the recovery time of the Miller valve (interval 
(3)). The amplitude, end hence the duration, of the output pulse can 
be controlled by the potentiometer setting. 


A second diode, valve 4, limits the negative excursions of 
the grid of valve 2 to a value -¥,, just sufficient to ensure that 
valve 2 is cut-off (about -5 volts). ‘This reduces the interval (4) 
between the eni of the run-down and the instant at which valve 2 
reconducts. 


_ It may be néted that the same rapid fall of voltage at 34 
during interval (2) is cammnicated to the control grids of both 
valves. This is sufficient to cut off the current in valve 2, but 
not in valve 1. Hence if the valves are otherwise alike, they must 
be adjusted so that the cut-off voltage is lower for valve 1 than for 
valve 2. This may be accomplished by using a larger screen dropping 
resistance for valve 2. 


Alternative methods of triggering, which utilise the 
amplification of valve 2, may be employed, The method already des- 
eribed, using a negative pulse applied to the suppressor grid, 
requires a triggering pulse amplitude of about 60V. If a negative- 
going pulse is applied to 2G), or to 1A (actually to the cathode of 
the diode, valve 3) an emplitude of about 15 volts is sufficient. If 
the grid-triggering method is employed an additional diode is 
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Fig. 520 ~ Action of sanatron circuit. 


shown in Fig. 521, to prevent the trailing edge of the 
Gelcoesing eatee from eusiee the valve to reconduct. If triggering 
pulses are applied to the cathode of valve 3 a cathode load resistor 
must be inserted, since in the circuit of Fig. 519, the cathode is 
decoupled to earth. 


Some aavantages may be derived from the use of the screen grid 
of valve 1 as a control electrode in place of the suppressar grid, 
particularly if a very fast run-dowm is required. The rate of collapse of 
anode voltage is limited by the anode current, which depends on the screen 
voltage, and high values of screen voltage lead to excessive screen 
dissipation. The fact that the screen is held at a low voltage except 
during the run-down interval reduces the screen dissipation and allows a 
higher screen voltage to be used, so that a faster run-dowm may be achieved, 


The modifications which are needed to the arranrements of 
Fige5i9 to convert the circuit to one using screen-grid control are shom 
in Fig.522. This method of controlling the Miller valve allows the use of 
a beam tetrode in place of ~ pentode, so that larger values of anode 
current are available for the same screen dissipation. This further 
increases the permissible run-down speed. 
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MODIFICATIONS TO CIRCUIT OF FIG SI9 


Rr REMOVED 

Rs = ISka 

Re = 60kn 

C3 REMOVED 

Ve INCREASED TO 400V 


Fig. 521 = Sanatron circuit: Pig. 522 = Sanavren circuit: 
control grid triggering. screen grid contrel. 


1l. The Phantastron 


The Phantastron is a one-valve relay, similar in action to 
the two-valve Sanatron circuit. A simplified diagram of a 
phantastron circuit is shown in Pig. 523. The anode and control 
grid are connected by the condenser which typifies the Miller time- 
base arrangement. The suppressor grid an&-cathode connections give 
rise to the cumulative action which operates the relay. 


Initially, the control grid is ‘Limited at cathode potential 
by grid current flowing through Rj. The eathode voltage is held at 
20 or 30 volts above that of the suppressor grid by the current 

R3, so that anode current is cut off by the suppressor grid 
the valve current flowing through Rz is therefore due entirely 
oe screen and control grid currents. 


A negative-going triggering pulse is applied toG,;. The 
cathode voltage falls (cathode follower action). 


‘Phe cathode voltage is lowered relative to that of the 
suppressor grid by an smount aufficient to cause anode current to 
flow, i.e, the suppressor grid-cathode voltage is raised above cut-off. 


As anode current, flows the anode voltage falls. 
This. fall is commmicated to G) via the conienser C. 


The cathode voltage falls still further, so that the action 
is cumulative. 


Hence, even when the triggering pulse is removed, anode 
current continues to flow, and the circuit remains temporarily in its 
unstable state. 


The anode run-down then follows, as in the Miller time-base,. 
No appreciable change in voltage at control grid or cathode occurs 
until the anode voltage bottoms. The voltage at G, then begins to 
rise more steeply, and with it the ‘voltage at the cathode. This rise 
in cathode voltage with respect to that of the suppressor grid reduces 
the anode current. 


This causes the anode voltage to rise, and with it the 
voltage at G). 9 
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Pig. 523 = Siaplified Pig. 524) = Practical phantastron circuit. 
phantastron circuit. 


The cathode voltage rises still further, so that the action 
is cumulative, ceasing when the anode current is cut off. C then dis- 
charges and the circuit reverts to its initial condition. 


A practical phantastron circuit is given in Pige 524, and the 
waveforms of the voltages at the various electrodes are shown in Fig. 
525. The function of the diode in the anode circuit (valve 2) is the 
same as that of the corresponding dicde in the sanatron circuit, 
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ensuring a rapid return of the anode voltage to its steady valve, 
during intervals (4) and (5). The setting of the potentiometer P, 
determines the amplitude and hence the duration of the run~dowm 
interval (2). The-rate of run-down is given by:- 

we gies (This assumes that Rz << Ro, as in 
dt GR the case described): 


The other diode (valve 3) isolates the triggering circuit from the 
control grid after the initial fall in voltage at G,, otherwise the 
run-down would be affected. The voltage at which its cathode is 
held (usually about 20V. above that of the suppressor grid of valve 1) 
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determines the initial and final values of the voltage at G,. 


The anode voltage bottoms during the interval (3) and it is 
at the end of this interval that the anode current begins to fall ani 
the second cumulative action is initiated. This action occupies 
interval (4), during which the screen grid, cathode and control grid 
return to their steady potentials. . 


As shown in Fig. 52), the screen grid is not fully decoupled, 
since this is the only electrode from which a positive-going pulse is 
obtained. 


An alternative 
method of varying the 
duration of the output 
pulse is shown in Fig. 
526. The setting of 
the potentioneter Po 
determines the rate of 
run~down and hence the 
duration of the output 
pulse. 


The method of 
triggering described 
above requires, with the 
components given, a Fig. 526 ~ Phantastron circuit; 
negative-going pulse cf alternative method of control. 
about 25 volts amplitude. 

Alternative triggering 


l 
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¥ 


Pig. 527 = Phantastron circuit alternative triggering 
arrangement: negative-going pulse to 4A. 


arrangements are illustrated in Figs. 527 and 528 A negative-gbing 
pulse of about 40V amplitude applied to the anode (Fig. 527) or a 
positive-going pulse of about 25V amplitude to the suppressor grid 
(Fig. 528) of valve 1, is required. 


The phantastron is a useful circuit in systems where the 
number of valves used must be kept to a minimm. It also has the 
advantage not possessed by the sanatron of providing both positive- 
going and negative-going rectangular output pulses. These can be 
made of approximately the same amplitude by a suitable choice of 
cathode ani screen resistars. There are, however, several dis- 
advantages which arise from the use of the single-valve circuit. The 
initial fall in voltage at the cathode (interval (1)), Fige 526, is 
accompanied by a corresponding fall at the anode, so that the amplitude 
of the linear run-down is reduced, ani a large fraction of the avail- 
able supply voltage is wasted. To minimise this initial voltage 
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Fig. 528 - Phantastron circuit; alternative 
triggering arrangement: positive~going 
pulse. 


change a valve with a very short suppressor grid base is required. 
Certain valves are available which have such a short base (e.g. CV1116, 
3 to 15 volts), but this restricts the choice of valves so that other 
characteristics, which were considered in the two—valve circuit, have 
to be ignored. 


Purthermore, the action of the phantastron is very much 
dependent on the choice of valvea whereas the valves used in a 
sanatron may be changed for others of the same type without the 
characteristics of the relay being appreciable affected. This is due 
partly to the fact that the cumulative action at the end of the linear 
ren-down occurs over the region of control-grid cut-off in the case of 
the sanatron and over the region of suppressor-grid cut-off in the case 
of the phantastron. The latter action is not so precise as the former, 
ana is more depemient on the particular valve used. 
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TIME BASES AND TIME-BASE GENERATORS 


INTRODUCTION 


1. General 


If it is required to draw a graph showing the change of any 
quantity with time, one of the first things to do is to select a suitable 
time scale, and mark it along one of the axes (usually the X-axis in 
Cartesian Co-ordinates). A time scale is needed for the measurement of 
range by a radar equipment, and is nomally produced by deflecting the 
beam of a CRT so that the spot sweeps across the fluorescent screen. A 
similar time scale is required if any variations of voltage or current 
with time are to be examined. 


A multiplicity of terms has arisen in connection with the 
provision of a time scale. Let us now consider the meanings implied by 
the use of such terms in subsequent sections. 


The deflection of the spot of a CRT, when itis defined in 
relation to time, is called a Time Base. This tem should be distin- 
guished from the term Trace, which is a general term for the pattern 
appearing on the screen of a CRT however produced. 


The term Scan is frequently used with a variety of meanings, 
and is correctly used in television technique where the CRT picture is 
produced as a result of scrutinising a light sensitive surface point by 
point. In radar systemgy the term should be reserved for use in connec= 
tion with the scanning of an area by an aerial array. 


A Time-Base Generator is an apparatus for producing a voltage 
or current varying with time which could be used to establish a time 
base. A time~base generator is sometimes referred to simply as a time 
base, but this latter term is reserved here for the actual deflection 
of the spot on the screen of a CRT. 


The output voltage (or current) of a time-base generator is 
referred to as a Time-Base Voltage (or Gurrent). Sometimes this out- 
put is used for measuring time intervals, although it is not used to 
deflect a CRT beam. The output, and the apparatus producing it, are 
still, however, qualified by the adjective time~base. The terms .- 
Sweep Voltage and Time-Base Voltage are synonymous, but the former term 
is retained for the sake of the graphic idea it conveys. 


In order to clarify our ideas on what is meant by a time base 
let us’ consider a specific example. 


If a voltage is applied 
between a pair of deflecter plates of 
a CRT the spot on the screen is de- 
flected by an amount which is pro=- 
portional to the magnitude of the 
voltage. Suppose a time~base generator 
produces a voltage which increases at-a 
constant rate: (Fige 529). If 3 ; 
this voltage is applied between the XK- 
plates of a CRT the spot moves across 
the screen ira horizontal direction, Big. 529 ~ Voltage varying 
and a time base is formed. In this at a constant rate. 
particular case, assuming uniform 
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deflection sensitivity, the movement of the spot takes place at a 
uniform velocity, i.e. the spot moves through equal distances in equal 
time intervals. 


Suppose a rectangular voltage pulse is applied between the 
Y plates of a CRT at a time T aftcr the instant at which the time base 
starts. Then the time base is disturbed and a rectangular waveform 
is produced on the screen of the CRT: (Fig. 530). Then the distance 
between the start of the 
time base and the leading 
edge of the waveform is a 
measure of the time T. 
Similarly, the distance 
between the leading and 
trailing edges of the wave- 
form is a measure of the 
duration of the applied 
pulse. Instead of being 
used to produce a deflec=- 
tion at right anges to 
the direction of the time 
base the rectangular 
voltage pulse can be 
employed to vary ~he . 5 
pistitaiice Ur-the spot: Fig 530 - Pulse applied te Y plates. 
so that part of the time 
-base is brighter than the 
remainder (Sec. 13). 





So far it has bien assumed that the spot on the CRT screen 
makes a single sweep. such a sweep, known as a Single-Stroke Time 
Base,may be used for the examination of non-repeating voltages or 
currents (transients). In: radar, however, a time base is required 
which repeats itself at regular intervals. Then if the voltage to be 
expmined is periodic and is synchronised to the time~base voltage, the 
resulting picture is stationary on the screen of the CRT. 


2. lhLinearity 


The time scale on a graph is generally unifom, i.e. equal 
lengths on the time axis correspond to equal time intervals, and it is 
usually desirable that the movement of the spot forming a time base 
should be similarly uniform If the graph of time base voltage 
against time is a straight line, as in Fig. 529, the time=base voltage 
is said to be linear. It should be noted that even though the time= 
base voltage is linear, the spot-deflection or time base will not be 
linear unless the CRI deflection sensitivity is uniform. 


In general, the term linear implies that the quantity which 
is measured is proportional to time, and is not restricted to 
straight-line time bases. For example the time base may be circular, 
and time intervals measured in terms of the angular deflection of the 
spot. Provided this angular deflection is proportional to time the 
time base is linear. 


3. Flyback 


If the time base takes the form of a repetitive sweep along 
a straight line the spot on the screen of the CRT must return to its 
starting point after each sweep so as to be ready for the succeeding 
one. This return movement is called the Flyback. 


The flyback is an unavoidable complication; its duration 
occupies uselessly a portion of the period of the waveform under 
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examination, and it may confuse or obscure the forward sweep oy 
superimposing its own trace, Both troubles are mitigated by making 
the flyback rapid, so that the ratio of sweep time to flyback is 
large. Under such circumstances only 

a@ small proportion of the waveform 

under examination is lost. Also, 

provided saturation of the CRT screen 


does not occur, the brilliance of the toltage 
flyback is much less than that of the 
time base jtself because the spot FORWARD FLYBACK 


moves much more quickly during fly- 
back than during the forward sweep. 


For the examination of 
recurrent voltage variations in 
which the whole cycle is of interest ; 2 ‘ ms 
a time-base voltage of the type shown Fige 951 tsar aes 
in Fig, 531 is suitable; the dura= ;, 
tion of the flyback is negligible 
compared with that of the forward sweep. 





e t 


In radar we are often concerned with only a small fraction 
of the whole cycle of the time-base voltage, so that is is not essen- 
tial for the flyback to occur in the shortest possible time. Itis still,~ 
however, necessary to 
avoid confusion Ba eased 
between the sweep and * ee matic : 
the flyback, This ¢ To om oF mr 
is frequently achieved :. & Selects eR ae 
by reducing the voltage Oho VOLTAGE) 
at the CR? grid during 


the flyback intérval, VOLTAGE ATA 
the brilkiance control Sa 
being so adjusted that SWEEP FLYBACK 


the forward sweep is 
visible and the fly~- 
back invisible. Alter- 
natively, the grid 
potential may be in- Perare 
creased during the 

forward sweep to give 

increased brightness. + 
This" blacking-out” or 

"brightening" is 

accomplished by apply= 

ing rectangular pulses 


of voltage at appro= 
priate instants to the Fig. 532 - Production of pulses for 
; brightening forward sweep 


id or cathode of the 
ont (see Chap. 6). and blacking out flyback. 


Such pulses can be 

readily obtained as a 

by-product of the 

time-base generator, 

especially if such a generator includes a relay or relaxation oscillator. 
Alternatively, the sweep voltage can be applied to a C-R circuit the 
time constant of which is short compared with the duration of the sweep 
voltage. In this case the voltage developed across the resistor is 

in the form of approximately rectangular pulses suitable for making the 
flyback invisible; Fig. 532. (see Chap. 2 Sec. 15), 





CATHODE 
TENTIAL 


MEAN 
VOLTAGE 
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4. Time Bases Derived fran & Source of Steady Voltage 


Time bases have been discussed in the previous section without 
reference to how they are derived. It is usual to obtain the time 
base voltage (usually of sawtooth form) from a source of steady 
voltage. Time bases derived in this way are of the straight line 
type, and the usual aim is to make them linear. 


, Time-base generators of this’ sort can be considered under 
two main headings (i) capacitive (ii) inductive. In type (i) the 
time-base voltage is derived from the change of voltage across acap- 
acitance as it charges or discharges through a resistance. In type 
(ii) the change of current through an inductance and a resistance in 
series is used, Type (i) has much the wider application in radar 
equipments. 


In both types a switching device is necessary to change the 
conditions of the time-base generator so that both a forward sweep 
and flyback are formed, The switching device may be self-operating 
or externally controlled. Generally, in radar equipment the switch= 
ing is controlied externally sd that its timing is related to other 
operations. .In cathode-ray oscilloscopes the switching is normlly 
self-operating,but usually errangements are made so that the time= 
base voltage can be synchronised with the voltage under examination 
if required. 


TIME-RASE GENERATORS FOR ELECTRIC DEFLECTION 





5. Fundamental Circuit of Ca citive Time-Base Generator 





The fundamental circuit of a 
capacitive time~base generator is shown 
in. Pig. 533. The condenser C is 
charged through some form of charging 
device, and is discharged by closing 
the switch S.° To ensure rapid action 
5S is an electronic switch, using 
either "soft" or"hard” valves, 





Alternatively, the condenser 
may be charged during’ the flyback 


period, the time-base voltage being Fig. 533 - Fundamental — 
provided by the discharge. This ciroult of capacitive 
latter arrangement is particularly time-base generator. 


suitable for the production of very 

fc.at time bases. The necessarily small time~base resistor is then 
used in the discharge circuit only, and the charging resistor can be 
made relatively large. This arrangement reduces the likelihood of 
damage to the supply circuits by a break~down of the insulation across 
the time=base condenser. 


In, the circuit of Fig. 533 the condenser charges while the 
switch is open, and the voltage Vg across it rises. This voltage is 
proportional at any instant to the charge on'the condenser. - Lf this 
charge increases linearly with time, i.e. if the current flowing 
through the charging device into the condenser is constant, Vo 
increases linearly with time. In other words, if the time base 
derived from this generator is to be linear the charging device must 
pass a constant current. 


When the switch is closed the condenser discharges. This 
discharge can be considered as instantaneous provided the resistance 
of the discharge circuit is small. 
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If the discharge 
circuit is of the self= to 
" operating type, the switch 
closes when the voltage across 
the condenser rises to some 
critical value Vs, and opens 
when it falls to some lower 
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critical value Vg. The saw- 

tooth waveform of the voltage % 
across the condenser is shown 6 
an Fig. 534. The rate of 


rise of voltage can be altered 
by adjustment of the charging 
device so that the value of 
the charging current is 
changed. The rate of rise of voltage determines the velocity at which 
the spot traces out the corresponding time base on the screen of the 
CRT. Hence, the control which alters the charging current is usually 
named the Velocity Control. Provided Vg and Vg are constant, alter= 
ation of the velocity control does not change the amplitude of the 
sawtooth voltage, i.e. does not change the length of the time base, 

It follows that the setting of this control determines the time base 
repetition frequency; (Fig. 535). Alteration of the voltage 
differences Vg - Vz alters the amplitude of the sawtooth voltage, i.¢ 
changes the length of the time base. A control which performs this 
function is termed the Amplitude Control. The amplitude control 

also alters the repetition frequency of the sawtooth voltage; (Fig. 


536). 


Fig. 534 = Action of circuit ef 
fige 533. 
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Fig. 535 - Case of alteration 
of velocity control changing 
repetition frequency. 


Fig. 536 = Case of alteration 
of emplitude contrel changing 
emplitude and repetition 
frequency. 


If the discharge circuit is of the externally controlled 
type, the duration T of the rise of voltage across the condenser is 


fixed by the external control, 


Alteration of the charging current 


again changes the rate ef rise of voltage, i.e. the velocity of the 


spot. 


Since the duration of the time base is fixed, adjustment of 


the velocity control is the only means of adjusting the amplitude 
of the time base voltage; (Fig. 537). 





t 


Fige 537 - Case of alteration of 
velocity control changing the 
amplitude. 


HT (Vp) 





Fig. 538 - C-R charging 
circuit. 
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6 The Charging Circuit of a Capacitive Time-Base Generator 


The simplest charging 
device is a resistor R, and if 
it is used the circuit of Fig. tb 
533 becomes that shown in Fig. 
538. If the switch is open, Ye 
the voltage across the condenser 
rises exponentially towards the 
value Vg.. Provided ohly a 
small fraction of the total rise 
of voltage is used to form the <__— APPROKIMATELY LINEAR, 





time base, the latter can be 0 t 

considered to be linear; . : 

(Fig. 539). However, @ dis~ Fig. 539 = eee of 

advantage of this method of approximately linear time- 
: base voltage. 


forming @ linear time base is 

that either Vg must be very 

large or else amplifiers must 

be used if a deflection voltage sufficient to obtain a time base of 
reasonable length is to be available. 


Control of velocity is obtained by adjustment of the value 
of the resistor, since such an adjustment alters the rate of rise of 
voltage, i.e. the velocity of the spot. Alternatively the capacit- 
ance of the condenser can be altered. 


If the circuit is operating between fixed voltage limits, 
the degree of linearity is the same for all values of the time~ 
constant. If, however, the duration is fixed the time~base voltage 
becomes more linear as the time~constant is increased, 


7 Methods of Improving Linearity of Charging 


Although the question of linearity is often mentioned in 
connection with time bases it is not necessarily of overmastering 
importance. In waveform examination, lack of time-base linearity 
will of course lead to a distorted 
picture. For example, Fig. 540 
shows the waveform of a sinusoidal 
voltage displeyed on an exponen= 
tial time base, However, for 
ranging purposes importance of 
linearity depends to some extent 
on the method adopted for trans- 
mitting range information. Where 
the operator reads ranges from a —————» x cEFLECTION 
scale mounted en the face of the 
tube, error can be avoided by 
making the scale correspondingly 
hon-linear. If, however, range 
is measured by mechanical means using exponential time= 
(e.g. by turning a handwheel to base. 
keep a crosswire or marker in coincidence with an echo) and conveyed 
by @ transmission system which must have a linear calibration, 
construction of the- range measurement system is considerably simpli- 
fied if the time base.is made linear. Further, the time base must 
be linear if uniform target discrimination is to be provided at all 
points along the time base. 


Y DEFLECTION 


Fig. 540 = Appearance of waveform 
eof ainusoidal voltage 


When a high degree of linearity has been obtained at the 
time-base generator care must be taken to prevent distortion of the 
time-base voltage between this point and the deflector plates, 
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The time=base voltage is usually applied either directly 
or after amplification to the plates of a CRI, normally via a 
coupling condenser and leak resistor. ‘The time-constant of this 
coupling circuit'must be long compared with the duration of the time- 
base voltage otherwise distortion is introduced (see Chap. 2 Sec.15}. 
In any case even if a constant-current charging device is used, the 
change of voltage across the time=base condenser is not absolutely 
linear in the preseme of the coupling circuit, since the constant 
current flows into a network which is no longer purely capacitive. 


The capacitance across the deflector plates is usually 
considerable, and when deflector plate current flows the conductance 
between the plates becomes appreciable, so that the input impedance 
of the deflection system is ‘not as large as would be desirable. For 
this reason in order to ensure that the full time~base voltage is 
developed between the plates at all times the output impedance of the 
time~base generators must be small. This may be ensured by inserting 
a power amplifier, such as a cathode follower, between the time-base 
condenser and the deflector plates. 


Various methods of improving the linearity of the time-base 
voltage derived from a capacitive generator are given below in para- 
graphs (i) to (iv). The Miller Time-Base Generator, which provides 
one of the most accurate methods of achieving linearity, is described 
separately in Sec. 10. 


(i) If only a smll fraction of the total possible voltage 
change across the condenser is used the resulting time 
base is nearly linear. This method has already been 
discussed, 


(ii) A constant current device can be substituted for the charg- 
ing resistor. Such a device is a pentode, operated above 
the knee of its Ig - Va characteristic. 


fhe Ia = Vq characteristics of a typical R.F. pentode, oper= 
ating at a fixed screen potential for various values of grid bias, are 
shown in Fig. 541. From these characteristics i* is apparent that 
if the grid bias is, say -47, the anode current remains sensibly 
constant for anode’ voltages greater than about 50V. If such a valve 
-is incorporated in the circuit of Fig, 542, when the switch is opened 
the’ condenser charges almost linearly with time until the anode volt= 
age falls to 50V. For example, if the supply voltage is 300V, the 
voltage across the condenser, i,e. the time~base voltage, can have a 
magnitude as much as 250V without there being any appreciable depar~ 
ture from linearity. : 


Ta (ma) Ve = -2.0¥ 





= 
Vv 


Fig. 541 - I, - Vg character~ Fig. 542 - Charging cirowit 
istic of typical HF employing HF pentode. 


pentode, 
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The screen potential can be adjusted te provide velocity 
control, i.e. to change the charging current, while the grid is held 
at a fixed potential. In an alternative arrangement the condenser \ 
is in the cathode circuit of the valve, the time base voltage being 
taken from the cathode. In this case the screen must be decoupled to 
cathode, since variations in screen-cathode voltage would cause a 
change in charging current. The grid is connected to a point a few 
volts below cathode potential using a small cathode bias resistor. 


The current through the pentode is not absolutely constant; 
for it to be so the slope resistance of the valve would have to be 
infinitely large. The greater this slope resistance the closer is 
the approach to linearity of the voltage across the condenser. Any 
method of increasing the effective value of the slope resistance 
leads to an improvement in linearity. 


The circuit 
arrangements shown in Pigs. 
543(a) and (b) are useful 
in achieving this object. 
Fig. 543(a) shows a simple 
current feedback arrange= 
ment which, as described 
in Chap. 7, Sec. 16, 
increases the effective 
slope resistance of the 
valve. Fig. 543(b) 
shows a similar arrange=- 
ment in which a second 
valve is used, resulting 
in a somewhat better 
current stabilisation. 


(iii) If amplification 
of the time=base voltage 
is necessary, it is possible 
to arrange circuit, conditions 
so that the amplifier : 
introduces distortion which 
compensates for the non= 
linearity of the exponen= 
tial time-base voltage. 





Exact compensation is Fige 543 - Circuits incorporating 
unlikely. feedback to improve linearity 
of charging. 


‘For reasons given 
in Chap. 6 it is advisable 
to use balanced circuits 
to feed the CRT deflector plates. Fig. 54 shows how a phase~inverting 
amplifier employed in a paraphase circuit may be used to provide the 
right kind of distortion to counteract the non-linearity of the initia- 
ting time-base voltage. The amplifier valve is so biased so that it 
is operating on the lower bend of its dynamic characteristic. 


In the circuit shown at (a), Cy and Cog, which together form 
the time~base capacitance, act also ag a potential divider, so that 
the amplitude of the amplifier output voltage vo applied to the Xo 
plate is equal to that of the voltage vz applied to the Xj plate. 

The conditions are nommally arranged so that when the fraction 

C1 of the voltage vw, (Fig. 5i/(b)) is fed to the amplifier, 
Cy + Co 
the output vo is curved as shown at (ce). The deflecting voltage 
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(v, - vo) is then approximately linear as shown at (a). 





v ' 
(b) | e 
o t 
vy, 1 ! 
(«) a t 





| 
a 
UU, { 


aa (e) 
Z | a “ 


Fig. 544 - Action of circuit Fig. 515 - Action of 
arrangeaent to counteract effect additional CR to 
of non-linearity of time-base improve linearity. 
voltage. 


The circuit described above has the advantage that no 
charging pentode is required. However the adjustments to the 
circuit are critical. If, for example, the change of condenser 
voltage takes place between fixed time limits (externally controlled), 
any alteration in the time-constant of the circuit leads to an 
alteration in the curvature of the fraction of the voltage v, which 
is applied to the amplifier. 


(iv) The output of a simple C = R time-base circuit can be made 
more linear by the addition of another C ~ R network. One form of 
such an arrangement, suitable for a self~operating time-base generator, 
is shown in Pig. 545. 


Here the charging resistance is R, and the main time-base 
capacitance consists of C) and Co in series. 


Assume that the condensers, Cj, Co and Cz are charged. 
When the switch S is closed, C, and Cp discharge rapidly. C3 also 
discharges, but does ‘so relatively slowly since the time-constant 
C3 Ro is long. 


The switch opens when C] and Co are discharged, and at this 
instant the voltage across C5 is still comparatively large, (Cj and 
Cg commence to charge, but since the voltage across C3 is greater than 
that across C1, C3 still discharges. This discharge of Cz continues 
until the voltages across C) and Cz become equal, and then Cz is 
charged from Cz. ‘The voltage rise acress Cop is aparoxinately 
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exponential, whilst as we have just explained the voltage across 03 
falls at first, but after a time starts to rise. 


As shown in Figs, 545(b) and (c) the curvatures of the 
voltage variations vo and v3 are of opposite sign, Hence, if suite 
able values of components are chosen, the output voltage, which is 
the sum of these two voltages, can be made substantially linear. 


8. Discharge Circuits 
(i) Switching by means of Soft Valves 


A gas-filled diode (neon valve) was the earliest form of 
switching valve used ina 


time-base circuit. The ag 

k : OO 
operation of this type ; (Vs) 
of discharge valve has FR OL 


been described in Chap. 10 
Sece 1. -Owing to the 
limitations set by the 
fixed striking voltage 
and extinction current 
neon time~base circuits 
are practically obsolete, 
giving place in the first 
instance to circuits using 
gas-filled triodes. A 
typical arrangement of 

a gas-filled triode 
circuit is shown in Fig. 
546, If the grid bias Fig. 546 - Switching by means 

is suitably adjusted the of gas triode, 

circuit operates as a 

free=running relaxation 

oscillator, the operation 

being identical with that 

of the neon circuit 

mentioned above, By variation of the grid bias the striking voltage 
and hence the amplitude of the time base voltage can be controlled. 
The action can be synchronised by the injection of a controlling 
voltage between grid and cathode. 





The principal advantages of using a gas-filled triode as a 
switching valve are the low resistance presented by the valve during 
the discharge, and the ease with which the circuit can be made free= 
running. The choice of component values, however, is limited by the 
uncontrollable value of the “extinction current". Ultimately the 
use of gas-filled discharge valves is restricted by the comparatively 
long de~ionisation time, of the order of a millisecond. It is not 
normally practicable to use soft discharge valves if the time-base 
frequency is more than ebout 40 Ke/s. 


(ii) Switching by means of Hard Valves 


The place of the thyratron in the discharge circuit of 
Fig. 546 can be taken by a hard valve, provided means are available 
by which the valve current can be switched rapidly on and off. 
With the hard valve there is no question of ionisation and de-ionisa- 
tion of gas. In general, a time base generator using hard=valve 
switching is more definite in its operation and capable of operating 
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at a higher repetition 
frequency than one employ~ 
ing a soft valve.: 


The basic 
circuit in which hard= 
valve switching is 
employed is shown in 
Fig, 54.7. If the valve 
is conducting heavily 
the time~base condenser 
discharges rapidly, 
whilst if the anode 
current is cut off the Fig. 547 ~ Hard valve switching 
condenser charges circuit. 
through a resistor. In 
ranging equipment the 
valve is usually a 
pentode, and switching 
is accomplished by 
alteration of the 
voltage at one of the 
grids. 





By variation 
of the mark-to-space 
ratio of the input 
switching voltage the 
output voltage can be 
given various forms such 
as those illustrated in 
Pigs. 548(a) and (b). 


If the 
charging circuit, tog= 
ether with the switch= 
ing valve (or valves), 
is incorporated in a 
relaxation oscillator, 
the circuit as a whole 
can be considered as 


a time= 
e seit crore ting: tome Pig. 548 - Action of hard valve 


base generator. An 
example (Fleming= circuit of fig. 547. 


Williams circuit) has 

already been discussed 

in Chap. 10, Sec. 64 

In radar the pulse ‘5 

which operates the switching valve of Fig.547 is normally derived 
from a separate relaxation oscillator or relay. Since in this case 
the charging or discharging of the condenser does not control the 
operation of the switching valve, the circuit should be considered 
as a time-base generator which is externally controlled. When a 
high voltage supply circuit is used for a time-base generator the 
discharge valve must be chosen to withstand the maximum voltage 
without appreciable leakage current. A pentode with a top-cap is 
normally employed. Such a valve is capable of withstanding as 
much as 4000 volts between anode and cathode without causing a leak~ 
age current of more than a few microamps. 
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9. Puckle Time-Base Generator 


This time-base generator, the circuit of which is shown in 
Fig. 549, is of the self-operating type. Valves 1 and 2 together 
form a relaxation oscillator, Valve 3 is a pentode, the "constant" 
current through which is used to charge the time-base condenser Cz. 
Fig. 550 shows the relevant waveforms. -.An essential characteristic 
of this circuit is the direct connection between }A and 9G. The 
connections to suppressor and control grids of valve 1 are reversed 
in some variants of this circuit. 


VOLTAGE 
at 2K 
AND 3A 





7o2 
DISCHARGES 





\ 
I 
I 
i 
' 
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Fig. 549 - Puckle time-base 
generator. 


Fig. 550 = Action of Puckle 
time-~base generator 


Interval (1) 
During the interval (1) Cz charges through valve 3. 
Valve 2 is cut off, the voltage at 2¢ (A) being at a low 


level, since valve 1 is conducting. As the voltage at 
oK approaches that at 9G, valve 2 begins to conduct. 


Current flows in valve 2. 

The voltage at 2A falls. 

The voltage at 163 falls. 

The voltage at 3A rises, .and with it the voltage at 2G. 
This further increases the current in valve 2 so that the 
action is cumulative. This action ceases when the anode 


current of valve 1 is cut off and valve 2.is conducting 
heavily. ° 


Interval (2) 


C3 discharges through valve 2 and Ro in series, as 
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3A (2K) rises towards Vg. Cp discharges as 1G, returns 
towards earth potential. A point is reached (Suppressor 
grid cut-off) at which anode current begins to flow again 
in valve l. 


The voltage at 4A (9G) falls. 
The current in valve 2 degreases, 
The voltage at 9A rises and with it the voltage at 1G3- 


The action is thus cunulative, ceasing when the current in 
walve 2 is cut off and valve 1 is conducting heavily. 


Interval (3) 


C3 charges as the voltage at 34 returns towards earth 
potential, and the cycle repeats. 


Duration of intervals. 


The amplitude V of the voltage variation at 3A (the time-base 
voltage} depends on that at oG (1A) since valve 2 acts as a cathode 
follower, This amplitude is therefore determined by the value of Rj. 
The duration of interval (1) is the time taken for the voltage across 
Cz tochange by an amount V at a charging rate determined by the current 
ehrouah valve 3. 


The flyback interval (2) depends on the rate of rise of volt- 
age at oG, the time-constant being approximately R; times the stray 
capacitance between 9G and earth. This time-conBdtant actually governs 
the rate ofrise of voltage at 2G. The rate of rise at 9X is further 
affected by the time-constant C3 (Ro + Ry) where Ry is the resistance 
of valve 2 (about 20000). Which ever of these time-constants is the 
larger effectively determines the rate of change of current in valve 2, 
and therefore the rate of rise of voltage at oA. 


This rise of voltage is transferred to G3 and thus increases 
the rise due to the discharge of Co through Ri. The duration of the 
interval (2) is thus dependent upon several time-constants, but usually 
it is Co (R2.+ Ry) which is decisive. 


The maximum repetition frequency is ultimately limited by 
the flyback interval (2). The upper limit in practical circuits is 
about 1 Mc/s. 


Controls 


Rj determines the amplitude of the time-base voltage. As 
indicated above, it also has an appreciable effect on the duration of 
interval (1) and therefore the repetition frequency. 


The value of the "constant" current in valve 3 is determined 
by the screen voltage, so that Rz is the velocity control. Re deter- 
mines both the time-constant Co tro + Ry) and the amplitude of the volt- 
age variations at oA and 4G3. It therefore controls the duration of 
the flyback. It is foveaaty known as the trigger control, and may be 
used as a vernier adjustment to the repetition frequency. 


The amplitude of the voltage used for synchronisation may be 


varied by means of the potentiometer marked Sync. Control, It should 
be noted that when the repetition frequency is fixed by the synchronis- 
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ing signal alteration of the velocity control varies the amplitude of 
the time-base voltage. 


10. Miller Time-Base Generator 


The principle of the Miller 
Time~Base generator provides one of 
the simplest and most effective 
methods of achieving time~base lin- 
earity. The basis of this prin- 
ciple is illustrated in Fig. 551. 


For changes in Vg, the 
output voltage of the high-gain 
amplifier, the corresponding 





changes in Vg are small. Ifa Fig. 551 - Diagram illustrat- 
constant voltage Vj] much greater ing principle of Miller 
than vg is applied to the input, time-base generator. 


the voltage across R is approxe 

imately constant, so that to a 

first approximation the condenser C is connected to a constant=current 
source, The condenser voltage and therefore the output vol age vary 
almost linearly with time, 


The more detailed operation of the circuit may be described 
as follows. If we neglect the input admittance of the amplifier, the 
same current i flows through R and ¢. 


The voltase across R is:= Va 7 Vy 


sothat the current through R is 


VOo- ¥y : 
R 
This is the current through C, so that the variation of vq is given by 
the equation;- 


avy i Bee lL 
ae G77 te Wi > ve)- 


But VW = Vo 7 Vg 


a = 1 
Hence — = a eae el Cee reser aesero-ereresre 
noe = (vo - vg) ae UL es (1) 


Provided vg is negligible compared with V] and the gain of the amplifier 
is large, so that changes in vg are small compared with changes in Vy, 
equation (1) becomes approximately 


a Vi 

ae %) = - GP 
i.e. the output voltage (the time~base voltage’ varies linearly with 
time. 


Although any high-gain amplifier will suffice to operate this 
circuit, the only system in common use employs a single high-gain 
pentode, The arrangement is shown in Fig 552(a}. Normally the 
anode current is cut off by the suppressor grid being held at a low 
negative potential so that the anode potential is the same as that of 
the supply. When a positive-going pulse .s applied to the suppressor 


oF 
.e 
Ge? 
On 
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grid, raising the 

voltage thereto zero, 

the anode voltage 

falls sharply as (a) 
anode current flows, 
The grid voltage 
falls from zero, 
where it was limited 
by grid current, to 
a few volts negative. 
The exact extent of 
this initial fall is 
discussed in detail 
later. The anode 
voltage then d Goirane 
commences the linear ATG 
Run-down as C 

charges through R i 
(Fig. 552(c)}. When Gs CUTOFF 
the switching pulse 
is removed the 
anode current is 
cut off and the 
circuit reverts to 
its initial condi- 
tion as C charges. 
The time<constant 
of the rise of 
anode voltage is 
approximately CR et 
(This neglects 
stray capacitance 
in comparison 

with C, and the 






SWITCHING 
PULSE 


= 
v 





grid-cathode res- Fig. 552 - Action of Miller time~base 
istance when grid generator. 


current flows in 
comparison with 
Ry)}- 

The diode in Fig. 552(a) is a clamping diode to limit the 
suppressor grid voltage at earth potential. 


If T is the duration of the applied pulse, the extent of the 
fall of the anode voltage is given by 


¢ 2% = TV 


at CR 


Provided this is less than Vp, the 
amplitude can be varied by changing 
R. If TVl > Vp, the anode 

CR 


voltage is limited by the upper bend 
curvature of the dynamic character- 
istic. As shown in Chap. 9, Sec. 
4(iv), this may occur for values of 
grid voltage below zero, so that 
subsequent changes in the voltage 





at the grid have little effect on Fig. 553 - Action of Miller 
that at the anode. When this time~base generator 
occurs, as shown in Fig, 553, the when anode voltage 
time-base voltage is said to "bottoms". 
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"bottom", The anode voltage remains constant so that the change in 
the voltage across the condenser appé..rs as an increase in the rate 
of rise of grid voltage. 


Aa alternative explanation of the Miller time-base circuit 
may be dernved from the normal consideration of the Miller effect 
(see Chap. 7, Sec. 7). In the usual amplifier circuit, the input 
capacitance Cj of the valve is the sum of the grid-cathode capacitance 
Cgk and a feed=back capacitance ({mj + 1) Cga, where {mj is the voltage 
amplification, so that 


Ci = Co + (jm + 1) Cga 


In the biiller time-base generator the external capacitance 
C in parallel with C,, is much greater than the interelectrode 
capacitances, so that the effective input capacitance is given approx- 
imately by GC; 4 (im + 1) c¢. 


The rise in grid voltage is 
then similar to that of the equivalent 
circuit shown in Fig. 554, the time- 
constant being ('mj + 1) CR. Since 
the duration T of the applied voltage 
is of the order CR, and jmj is large, 





t < (Im +1) oR Fige 554 - Equivalent input 
cireui” for Miller time- 
so that only a small portion of the base generator. 


exponential voltage variation at the 
grid is utilised. Hence the rise in grid voltage and, consequently, 
the fall in anode voltage are approximately linear. 


Effect of the time-base capacitance on the performance of the valve 
as an amplifier 


So far the amplifier has 
been assumed to operate in a 
normal manner; in practice the 
presence of the comparatively 
large capacitance between anode 
and control grid may appreciably 
modify the amplifier’ character- 
istica. If the current ig 
through the condenser (Fig. 
555(a)) is comparable with the 
anode current ig, the normal 
Ia - Va characteristics, super= 
imposed on the load line, do not 
give the true operating condi-=- Current 
tions. 





(a) 


Fig. 555(b) shows how a 
the valve characteristics can be = 
modified to give the true 
conditions. For each value of 
Vg, the current ig ‘through the 
condenser may be determined 
from the relation 





ig = Vie Veg ° oontege 
R (b) 
Fig. 555 - Modification to I,-V, 


If this amount is 
subtracted from the Ig = Va characteristic to give true 
operating conditions of Miller 
< AD time-base valve. 


i 
a 


i 


& 
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characteristic a new curve, showing the variation of iy with vg, is 
obtained, and the intersections of the load line with & set of these 
curves give the true operating conditions. In most Miller time- 
base circuits the modification required is small since ig “< ig, but 
if R is small enough to be comparable with the anode load, the 
condenser current is by no means negligible. 
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Fig. 556 ~ Pentede characteristics. 


Fig. 556 shows a set of these modified characteristics with 
the load line superimposed. Initially the valve is not operating, 
the anode-current being cuteoff by suppressor grid action, and the 
voltage across the condenser is approximately Vg (300V). As soon as 
anode current flows, the anode and grid voltages fall so that the work- 
ing point P,is reached where va = = V = 500V. In the case 
illustrated this occurs for va = 2959 and VFo wv. The anode run- 
down then follows the load line until tonmd cated either vy the anode 
voltage bottoming (due to grid surrent) or by the return of the 
‘suppressor grid to its cut-off value. 


For any working point P, ‘the values of Vg and vg may be 
obtained from the load line. 


Hence wo= Ve - Vg may be obtained. 





Sime au __ig -- “L-“g a -._@ 
at a cR avg Vi =" 


d 
so that ay may be plotted against vq. The area enclosed by this 


graph gives the time t. It is thus possible to obtain the values of 
Yq, and therefore of va and vg, for each instant %. 


An analysis of this nature reveals that for a pentode with an 
amplification factor of the order of 100, departure of the anode voltage 
from linearity is normally less than 1%, and, by a suitable choice of 
components, can be made considerably less. 


It may be shown that the ideal shape for the dynamic charact~- 
eristic is the logarithmic form shown in Fig. 557. For a given pentode 
the anode load, charging resistor R, and input voltage V] may be chosen 
so that the dynamic characteristic has the optimum shape. Under these 
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J 


circumstances the departure 


from linearity may be 
reduced to as little as 
0.01%. Such accuracy is 
not, however, independent 
of the valve used, and if 
an interchange of valves: 
is necessitated the 
accuracy is reduced to 
about one part in a 
thousand. 


If wery slow _ 
time bases are required a 
large capacitance C must 
be used. If this is © 
greater than a few micro=- 
farads the leakage 
resistance will be apprec= 
jable and the linearity of 
the output voltage will be 
affected. (This is not 
likely to arise in time~ 
base circuits, but is 
important where the Miller 
principle is utilised in 
an integrating circuit 


fr 





CURVE CIVEN BY:- 
ty =a-bl 3 
£ ra "9, (€- Ug) 





vy 


Pige 557 = Ideal shape of dynamic 
characteristic. 


using a time-constant of several seconds, such as might be required 
in a mechanical control system (see Ghap..18, Sec. 21). 


ll. 


The deflection 
of the spot of a CRT can 
be produced by changing 
the current in a defleet=- — 
or coil, If a linear 
time base is required, 
the current through the 
coil must rise linearly 
with time, 


The funda~ 
mental circuit consists 
of a coil and resistor 
in series, (The coil 
may be the deflector 
coil itself, or may be 
inductively coupled to 
the deflector coil. 
The resistance may 
consist -wholly or 
partly of the resis- 
tance of the coil}. 


Consider the 
effect of a steady 
voltage instantaneously 
applied to such a 
circuit. The current 
in the circuit grows 
according to the 
equation 


Time~base Generators for Magnetic Deflection 








POSITIVE 
SWITCHING PULSE 


(8) EARTH 
U 





ft 
TIME CONSTANT = & (c) 


(Cc) : 


c 


om ———— ef 


Fig. 558 ~ Simple time-base generater 
fer magnetic deflection. 
Application of reetangular 
voltage pulse. 
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: —R 
es . Gat L.), 


where V is the magnitude of the applied voltage (see Chap. 2, Sec. 6). 
Provided only a small fraction of the total change of current is 

lr the resulting time base is approximately linear (compare 
Sec. 6). 


Fig. 558 shows the circuit of a simple time~base generator. 


Here the time constant-— of the circuit (where R is the total 


resistance iee. the sum of the valve resistance and the resistance of 
the coil) is likely to be long compared with the time during which the 
valve is allowed to conduct. The valve current is normally cut off 
by the biasing arrangement which in this.case consists of resistors Ry 
and Rj. A positive-going rectangular pulse (b), applied to the grid, 
renders the valve conducting for the duration of the time base, and 
the current through the coil increases exponentially. 


Consider the effect of applying a linear rise of voltage to 
a circuit containing L and R in series. If the rate of rise of applied 
voltage is m, then the current at any instant is giv] by :~- 


mt = W_, ap (see Ghap. 2, Sec. 13). 
at 


The solution o this equation is ;- 


i 


a, ob Ee 
rae + 2 (1-€ a 


Current 









ACTUAL 


CURRENT LINEARLY RISING 


INPUT VOLTAGE 


EXPONENTIAL 
COMPONENT : EARTH 


LINEAR _ (RATE OF 
COMPONENT ‘RISE *"%z ) 


(SUM OF LINEAR 
AND EXPONENTIAL 
COMPONENTS ) 





0 t v 
Fige 559 = Effect of applying a Fig. 560 = Simple tiae-base 
linear rise ef woltage te a generator for magnetic 
series L-R circuit. deflection. Applica- 
tion of a linear rise 
of voltage. 


ise. the current consists of two components one of which varies linearly 
with time and the other exponentially (Pig. 559). If the time constant 
of the exponential rise is small in comparison with the duration of 
the applied voltage, the exponential component quickly rises to its 
maximum value; subsequently the rise of current is linear. fora 


given value @& L the time constant = is made smalle by increasing the 


value of R. However, such an increase in R reduces the linear rate 
of rise of current, and therefore decreases the total rise of current 
taking place in a given time interval. 


A suitable circuit arrangeuent is shown in Plg. 560. The 


deflector coil is shown in the anode circuit of a pontode. A linear 
rise of voltage, developed by one of the circuit arrangements described 
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in Sec. 7, is applied to the grid of the pentode, which is biased so 
that it operates over the linear portion of its characteristic, 

The total resistance in series with the inductance is the sum of the 
resistance of the coil and the effective slope resistance of the valve. 
The effective slope resistance of the valve is increased, and therefore 


the time-constant = is decreased, by the provision of negative current 


feedback, which is due to the presence of the un-bypassed resistor R¢ 
in the cathode circuit, 


In the two arrangements considered so far it is clear that 
the change of current through the deflector coil is not linear, and can 
be made approximately so only by the sacrifice of a considerable portion 
of the possible current change, A more economical method of obtaining 
a linear change of current is illustrated in Pig. 561. 


The current variation is shown at (a). The manner in which 
the current decreases during interval (1) is usually unimportant, since 
this interval corresponds to the flyback, It is usually important, 
however, that the current should increase from zero or some other 
specified value at the beginning of interval (2). During the interval 
(2) the current is given by 

i= at; (b) 
The corresponding voltage across the resistor is 


Ri = atk. 
The voltage across the coil is 
Le = aL ; (ce) 
Hence the total voltage across coila@d resistor is aL + atR. It 


follows that the applied voltage during the growth of current is 
required to be of the form 


vVoo+ «mt, 
where Vv L ‘ 
n -R 


Since the manner in which the current returns to zero is 
wnimportant, the shape of the negative-going portions of the applied 
voltage is usually immaterial. 


A voltage variation of the form shown in Fig. 561 (d) is 
commonly produced by circuits of the relaxation oscillator or relay 
type. Alternatively, the circuit of Fig. 562(a) can be used, This 
circuit is essentially a time~base generator of the type described in 
Sec. 6, but is modified by the inclusion of a resistor R in series with 
the time-base condenserC. A negative pulse is applied to the grid 
of the valve so that the valve current is cut off, The rise of volt- 
age across the resistor R is given approximately by:- 


v= R 
Re+ 8 





« Vp ° 


The voltage across the condenser C cannot change instantaneously so that 
the output voltage of the circuit at instant (1) rises by the same 
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Fig. 561 - Synthesis of voltage 
required to be applied to a 
series L-R circuit to obtain 
a linear rise of current. 
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Pig. 562 - Action of time- 
base circuit which provides 
an output voltage suitable 
for producing a linear rise 


in current if applied to a 
series L-R circuit. 


During the time interval (1) to (2) the condenser changes 
exponentially with a time constant C(Rg +R). Provided C(Re + R)>>T, 
the rise of voltage across the condenser is nearly linear, and the 
current flowing through R is almost constant. Consequently the out 
put voltage varies as shown at (e). 


At instant (2) the walve conducts. Provided Ry is large 
compared with the resistance of the valve when conducting Vo falls 
almost to zero, During the interval (2) to (5) Cc discharges through 
R and the valve in series, 


If the amplitude of the instantaneous rise of output voltage 
at instant (1) is V and the rate of the linear rise is m the values of 
It can be shown that 


V and m depend on the values of Ry and R. 
variation of R alters the ratio Vin « 


It follows from the 
discussion of the waveforms of 
Fig. 561 that, if the output 
voltage of the circuit of Fig. 
562(a) is applied to a series 
L-R circuit to generate a 
linear time=base current, R 
must be adjusted so ag to make 






NEGATIVE 
SWITCHING PULSE 
ARRANGEMENT 


VlLk. 7 
ee Pig. 563 ~ Circuit for producing 


A Suitable circuit 
arrangement ror producing a 
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linear increase of current in 
deflector coil. 
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linear increase of current in a deflector coil is shown in Fig. 563; 
this arrangement incorporates the circuit of Fig. 562. Valve 2 can 
be biased so that little if any current flows through the coil, except 
during the appearance of the time base, so tnat the deflection of the 
spot starts fron the centre of the screens Such an arrangement is 
advantageous if a radial time base (Sec. 13) is required. In this 
circuit the effective resistance of the L-R circuit includes the anode- 
cathode resistance of the valve 2 and the resistance of the coil. 


Provided the time-constant CoRo2 is large compared with 
C1(R, + Ry}, little distortion is introduced by the coupling circuit so 
that the output of the cathode follower applied to the L=-R network is 
an accurate reproduction of the voltage aes Cz and Rj. 
CURRENT 


When a valve circuit is used 
for the generation of time base 
currents for magnetic deflection it is 
usually necessary to produce the fly- 
back by cutting off the current of 
the time-base valve, which has the 
deflector coil in its anode or cathode 
circuit. This causes the coil to 
ring with its self=capacitance and 
strays, and unless precautions are 
taken this ringing may have delete~ 
rious effects. The anode voltage Fig. 564 - “Ringing” in 
may be raised to such a high value deflector coil. 
as to damage the valve, or to 
render it conducting again, 
Further, the oscillations may be 
prolonged so that they interfere 
with the succeeding time-base 
sweep (Fig. 564). The oscilla~ 
tions may be damped out by the 
inclusion of a series or parallel 
damping resistor of suitable value, 








Such a resistor may affect 
the manner in which the current waves 
through the coil changes during the 
time-base sweep. It may be replaced Fig. 565 - Damping circuit. 
by a diode and resistor together in 
parallel with the deflector coil 
(Pig. 565). When the current through the valve is increasing, i.e. 
when the time-base is being fomed, the voltage across the coil holds 
the anode voltage of valve 1 below HT. Consequently, the diode does 
not conduct since the voltage at its'anode is negative with respect 
to that at the cathode. When the valve current is suddenly cut off 
the ancde voltage of this valve, and therefore the anode voltage of the 
diode, rises above that of the HT supply. The diode conducts and the 
energy of the electromagnetic field of the coil is dissipated in the 
resistor. 


12. CIRCULAR, ELLIPTICAL AND SPIRAL TIME BASES 


One form of time-base generator is an oscillator or other 
source of sinusoidal oscillations. If a sinusoidal voltage is applied 
between a pair of deflector plates of a CRT a straight line time base 
is produced. <A similar result is obtained if a sinusoidal current 
passes through a pair of CRT deflector coils. Under such circumstances, 
the CRT spot moves to and fro with a simple harmonic motion, and the dis~ 
placement of the spot from its rest position at any instant is proport- 
ional to ¢ sinwt (where ¥ is the peak value of the deflecting volt- 
age and angular frequency w= 2nf). If a sinusoidal voltage (or 
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current) of large amplitude is used, the effective time-base volt- 
age is practically linear (Fig. 566); however, the spot remains on 
the screen for only a small fraction of the period of the sinusoidal 
voltage and the time base is useful only if the waveform to be 
examined is of comparitively 

short duration. The fly- 

back may need blacking out 

Since it traverses the screen 

at the same rate as the Voltage 
forward sweep. 


A time base in the 
form of an ellipse or circle eopwane 
is formed on the scrcen of a SWEEP. 
CRT if one sinusoidal volt= 
age is applied between one 
pair of deflector plates, 
and another sinusoidal 
voltage of the same fre= 
quency in quadrature with 
the former is applied to 
the other pair. This 
assumes that the deflec~ 
tion sensitivity for each 
pair of plates is uniform 
in the region of the trace. 
If the deflections prod=- 
uced by the two voltages 
are equal in amplitude the 
time base is circular in 
form, otherwise it is 
elliptical. As the frequencies of the two sinusoidal voltages must 
be the same these voltages are usually derived from the same source, 
the phase difference being introduced by means of a condenser- 
resistor arrangement; (Fig. 567). In the case of the circular time 
base the spot moves at a constant speed (i.e. the time base is linear) 
and the trace is useful for the whole of its period. 
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Fig. 566 = Sinusoidal time-base 
voltage. 
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Fig. 567 = Production of a Fig. 568 ~ Production of a 
circular time~base. circular time-base. Mixed 
Electric deflection. deflection. 
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An elliptical or circular time base may also be produced 
using electric and magnetic deflection. Consider the arrangement 
of Fig. 568; the vertical magnetic field gives the horizontal 
deflection while the electric field of the Y=-pates gives the vert- 
ical deflection. The current through the deflector coils is in 
quadrature with the supply voltage, and therefore with the voltage 
applied to the Y-pates, so that no extra phasing circuit is required. 
The X-plates are available for other purposes. 


In the circuits which have been described for producing 
Gircular time bases the effect of stray capacitance has been ignored; 
in practice the input capacitance of deflector plates and the self 
capacitance of deflector coils are appreciable and modifications to 
the circuits are necessary. Por a CRI of given sercen diameter a 
Circular time base provides a trace of greater length than is possible 
with one of straight line form, Therefore, if the time base is of a 
given duration, the circular shape gives the greater visual discrimin=- 
ation betwéen signals separated by small intervals of time. 


Fig. 569 - Spiral Fig. 570 - Radial Fig. 571 - PPI 
time-base. time~-base,. display. 


If the time-base voltages applied to the CRT are not truly 
Sinusoidal, but decrease in amplitude from one cycle to the next, the 
time base takes a spiral shape; (Fig. 569). Such a shape allows for 
a still greater extension of the length of the time base. A damped 
ringing circuit is suitable. for generating this kind of time base, 
Alternatively, a sinusoidal voltage may be applied to an amplifier, to 
which is fed a sawtooth modulating voltage, thereby producing a time= 
base voltage of the required form, Suppose that the ratio of the 
frequency of the sinusoidal voltage to that of the sawtooth generator 
is r. If ris an integer, a stationary time base is formed, If r 
is not exactly an integer the time base will appear to rotate. 


Ir is a large integer a radial time base is formed which 
looks like the spokes of a wheel (Fig. 570). 


13. RADIAL Tike BASE 


If a time base of” 
straight line form is arranged 


to start from the centre of TIME @ASE 

the screen of a CRI, and is then 7 oY 

made to rotate about this point ae ; 
at a rate which is slow compared Usino@ tal sce NAGS 
with the repetition rate of the 


time base, a number of successive 
lang 


Ya 


radii are traced on the screen; 
(Fig. 570), The resulting trace 
is termed a Radial Time Base. 


This type of time bage has wide Fig. - Arrangement used in. 
applications in radar, forming oa method of produc- 
the basis of the Plan Position ing a radial time base. 


Indicator (PEI) display. The 
electron beam of the CRT is 
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‘normally modulated by signal voltages, so that the presence of sig- 
nals is indicatea by a brightening of a portion of the trace (Chap. 

6, Sec. 31). The brilliance of the trace as a whole is adjusted so 
that only those portions are visible which have been brightened by 
signal voltages. Provided the screen of the CRT is of the after=- 

glow type, bright patches indicating the presence of target echos can 
be visible at different parts of the screen simultaneously; (Fig»571). 
One method of producing such a time base, which however is not normally 
used in radar, has already been indicated at the end of Sec. 12. 


The number of spokes formedon the screen of the CRT is given 
by the ratio;- 


Period of Rotation 
Repetition Period of time base 


and if this is of the order of a 1000, the screen is likely to have 
almost every part of its surface covered by the trace during each 
period of rotation. 


There are two main methods used to produce a radial time base. 
The first method, which is sometimes used if the time base is devel~ 
oped by magnetic deflection, is to rotate mechanically the deflector 
coils about the axis of the CRT. Such an arrangement works well for 
low speeds of rotation but at high speeds mechanical problems become 
difficult, and it is preferable to employ a system which avoids the 
use of moving parts at the CRI. In any case, if the time base is 
developed by electric deflection, 
mechanical rotation of the 
deflector plates iS not easily INPUT To 


: RESOLVER 
obtained. ° 


The basis of the 
electrical method of producing 
a radial time-base is as oe 
follows. Two similar saw=- Y PLATES 
tooth voltages are produced, 
one of which has an amplitude 
V sin © and the other an 
amplitude V cos @ If these 
two voltages are applied to 
the Y= and X-deflection systems ssiiien 
of a CRT respectively, the ons 
straight-line time base prod=- 
uced makes an.angle 6 with 
the X-axis, (Fig. 572). Ag 
@ is made to vary, the time 
base rotates. 


° 





Fi o = e 
mic eoatenes ‘ig. 573 = Resolver voltages 


necessary for producing a 

radial time base are normally 

derived from a voltage of 

recurrent sawtooth waveform and of constant amplitude. Such a volte 
age is applied to a resolver which may take any one of the forms 
described in Chap. 3. The resolver provides two output voltages each 
similar to the input but with amplitudes proportional to sin © and cos 
@ respectively where © is the mechanical setting of the resolver (Fig. 


573). 
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CHAPTER 12 


RECTIFYING AND CLAMPING CIRCUITS 





1. RECTIFICATION 


A description of the process of rectification (and detection) is 
given in the Radio books of three Services. However, certain principles 
of rectification are discussed here, since they form the basis of a 
knowledge of Clamping, and it is desirable that the connection between 
the two processes should be clear. 


A rectifying or detecting cirovit is shown in Fig. 574(a). Assume 
for simplicity that the applied voltage v3 has the rectangular waveform 
shown in Fig. 574(b) and that its amplitude is denoted by ye 


At the start of the operation the condenser C is uncharged and the 
voltage across it is therefore zero. At the beginning of interval (1) 
the applied voltage rises suddenly from zero to Vie This change of 
voltage appears 
instantaneously across ee, 
the diode. which then 
conducts strongly. 

Hence C charges through 
the diode, and the 
voltage across it rises 
with a time -constant 
towards My 
(rhe. 4(c} . 
u eJTK(e) of'D 
the diode when this 
valve is conducting. ) 
During interval (1) the 
voltage across the 
condenser rises to VY‘. 
Simultaneously, the 
oe across v) diode 
falls to ; 
(Fig. 574 ay ) y sae at 
‘any instant the sum of 
the voltages across the 
condenser and across the 
diode must equal the 
Seyret rere. Fig.574.- Action of simple rectifying 
circuit, 








At the end of interval (1) the applied voltage falls suddenly by 
an amount oF - This voltage change appears instantaneously across the 
diode, and consequently the current is cut off. Since no current flows 
in or out of the condenser C, the voltage across C renains constant. ‘So 
long as the applied voltage remains steady (interval (2)), the voltage 
across the diode does not varys 


At the beginning of interval (3) the applied voltage, and therefore 
the voltage across the diode, rises suddenly by an amount 2 Fa0 The 
diode conducts as soon as the input voltage across it reaches V'. Con- 
sequently, the voltage across the condenser rises exponentially » With 
time~constant CR, from V' towards Vy (interval (3). The rise of voltage 
across the condenser C during interval (3) is not so great as during the 
equal interval (1), since the voltage range over which the condenser tends 
to charge is smaller. The voltage across the diode falls during interval 
(3) by the same amount as the voltage across the condenser rises. 
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The voltage v, across the condenser eventually reaches a value 7 
at which it renains, The voltage across the diode then has a mean value 
of ~v; i.¢., the peak voltage is zero. A similar result is obtained if 
the applied voltage is sinusoidal, 


In practice the voltage developed across C is the output of the 
rectifier circuit, which is normally used as a source of steady voltage for 
other circuits. The load on the rectifier due to these,other circuits 
taking current can be represented by a resistor R connected in parallel 
with C, (Pig. 575(a)). Under such circumstances the operation of the 
circuit is modified since © can discharge through R. 


(B) Pig.575.- Action of practical 
rectifying circuit. 


(e) 


(dl) 





Assuning, as is normal with a rectifying circuit, that R is large 
compared with R,, C charges with time-constant approximately equal to 
CRp, during the time the diode conducts. When the diode is not 
conducting C discharges with time constant OR. As in the case of an 
alternating voltage applied to a series C-R circuit (see Chapter 2 Sec.) 
the circuit eventually settles down to a steady state in which the charge 
accumulated on C during each cycle is equal to the charge which leaks 

then 


away through R (Pig.575(c)).- Fram 


onwards the voltage scross the condenser i 
fluctuates, during successive cycles, ; 

about a constant value 7%, slightly t 
smaller than vj. The greater is the ° 

value of R compared with Rp the more 

closely does the mean value of the Ue 

voltage across the condenser approach to J [ t 
%;, and the smaller the amplitude of the 

ehuctuations about this mean value. Pig.576.- Detection of 


CW oacillations. 


The above discussion applies also to the detection of amplitude- 
modulated CW. Fig.576 illustrates a CW ostillation which is to be 
detected by the circuit of Fig.575a. Provided the time-constant CR is 
much longer than the period of oscillation the steady value of the 
voltage across the condenser is almost equal to the amplitude of the 
applied voltage. If the oscillation (frequency fo) is amplitude 
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modulated (modulation frequency f,), as show 

in Fig. 577, then, provided 1 < &&K_1. Ys 
25 in 

the voltage across the condenser, at any oli 

instant, conforms almost exactly to the mes 


shape of the modulation envelope. te 
sliseePreen S 


Fig.5]77.- Detection of amplitude 
modulated CW oscillations. 


In radar equipments the voltage 
applied to the detector circuit takes 
the form of radio-frequency pulses as 
shown in Fig. 578. Such a voltage may 
under certain circumstances be 
considered as an extrens form of that 
show in Fig. 5/7. If the voltage 
across the condenser is to conform 
faithfully to the pulses shapa it is 
necessary that 1 << OCR<¢T, where T 

f 





° 
ia the duration of the pulse, 
Pig.5/8.- Detection of RF pulse. 


2 SIMPLE CLAMPING CIRCUITS 


So far, in the discussion of the operation of the circuits show 
in Figs.574 and 575 , the eaphasis has been on the form of the voltage 
across the conjenser. - However, it has been pointed out that the 
voltage developed across the diode is almost entirely in one sense only. 

‘If one of the exectrodes is connected to a source of constant voltage 
the voltage at the othe: clectrode is prevented fran either rising above 
or else falling below this fixed level according to the method of 
connection, This procezs is know as Clamping. Various other terms 
are used to describe clamping, depending on the nature of the input 
voltage variations. 


If the input consists of a succession of wmidirectional pulses, 
either all positive-going or sll negative-going, and the output is 
clamped so that the base-line is at a fixed level independent of the 
amplitude of the pulses, the process is called Base~line Stabilisation. 
If, on the other hand the peaks (of either the positive-going or the 
negative-going positions) are clamped, the term Peak Level Stabilisation 
is used, The term DC Restération also is frequently used to desaribe 
these processes, but strictly should be reserved for the case in which 
the mean level of the output voltage is made the seme as that of the 
input. Common examples of radar circuits utilising peakelevel 
stabilisation are those employing valve switching or “gating” pulses or 
alide-back biasing arrangements (Chapter 7). Where gating pulses are 
applied to release the bias on either the suppressor or the control grid 
of a valve it is usually necessary to ensure that the level at which the 
grid is held during the conducting period should be clearly defined. 
This may be achieved by grid current flow, but the addition of a diode 
usually facilitates clamping. Examples of this form of clamping are to 
be found in Chapters10 and ll. 


Base-line stabilisation has common application to CRI circuits. 
For exemple, in PPI systems, where the signal pulses are usually applied 
to the grid or cathode via a C-R network,it is important that an increase 
in the amplitude of some signals should not depress the general level of 


598 


Chap 12, Sect. 2 


the brightness and so make weaker signals ineffective. If the base-line 
is clamped at a predetermined level, the amplitude of signal necessary 
to cause an indication on the screen is constant. Clamping is also 
commonly employed in time-base circuits and in deflection systems using 
a simple A-display. Consider the latter case, in which the signal 
pulses are applied via a C-R circuit to the y-plates to produce the trace 
shown in Fig. 579 « Am increase in the mean signal emplitude would, 
in the absence of any clamping device, 

cause the base-line to be depressed. eS 

If this is undesirable, a clamping i POSITION OF BASE-LINE 
diode is usually employed to ensure akaa= oe IN THE ABSENCE OF 


that the base-line occurs at a fixed 
position on the screen. 


Pig.579.- Shift of base-line in 
presence of signal, 


The simplest type of clamping circuit is 
shown in Fig.580. So far as the voltages 
across C and the diode are concerned, the 
operation of this.circuit is essentially the 
seme as that of the circuit shown in Fig. 5/5a 





Fig.580.- Simple circuit for 


clamping negative-going 
exeursions of output voltage, 


Consider first the effect of 
applying to this circuit in the 
absence of the diode the input 
voltage variation shown in Fig. 58ta 
(This is the type of output commonly 
obtained from the anode of a pulse- 
amplifying valve). Provided the 
time-constant CR is long canpared 
with the repetition period of the 
input pulses, the output voltage in 
the steady state takes the form shown 
in Fig. 561(b). The voltage 
developed across C is shown at (c); 
(campare Chapter 2 Section 4). 





Fig.581.=- Action of circuit of 
Pig.580; diode out 
of circuit. 


If the voltage variation of Fig. 581(a) or 582(a) is applied to the 
circuit of Fig. 580 , this time with the diode in circuit, the circuit 
conditions settle dow to the state depicted in Fig. 5e2(b} and (co). 

In the steady state the peaks of the negative-going pulses are 

at zero potential. The condenser is charged to approximately ¥,. 
Since CR>> T, only very little additional charge is acquired e the 
input is at Vj, the diode being non-conducting, so that the condenser 
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voltage Vo rises by only a small amount. When the input falls again to 
¥5, the diode -conducts and the additional charge rapidly leaks away and v, 
tos again to Vie 


Pig.562.- Action of circult of 
fig.580; diode in 
ciroult. 











The effect of such a circuit in practicd may be even more pronowced 
than has already been indicated,owing to the low value of the input 
resistance of the circuit when the diode is conducting. This occurs in 
the arrangement shown in Pig. 583(a}. In the absence of the dicde, the 
output voltage shom et (c) is developed across R in response to the 
input show at (b) When the diode is in circuit, the output voltage 
settles dow to the steady state shown at (a). 


The action of the cirouit of Fig. 563(a), with the diode inserted, is 
as follows. 


Pig.583.- Effect of Yow input 


9 = 

1 I 

; | ot oe resistance of diode. 
DIODE NOT © t 
IN CIRCUIT 

(e) 
Qi 
‘ R 


DIODE 
IN CIRCUIT 6 i ee) le 
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While the diode is not conducting no change in the amplitude of the 
output voltage variation occurs, so that pq (d) is equal to FQ (c). 
During the conducting period the input resistance to the clamping circuit 
is very small (Rp), and since this is effectively in parallel with the 
anode load the amplification is substantially reduced. This causes the 
negative-going peak qr (d) to be very much less than the corresponding 
peak QR (c), so that the clamping effect is considerably enhanced, 


Pig. 564a shows the diode circuit in a form suitable for clamping 
the positive-going extremities of the output voltage, The steady state 
conditions are illustrated in Pig. 584 . The condenser charges during 
the positive-going excursions of the input to approximately $i, dis- 
charging slightly during the negative-going excursions. This causes the 
output voltage to rise slightly above zero potential at the beginning of 
each positive-going excursion, so that the diode conducts, and rapidly 
recharges the condenser to $y. 


Pig. 584,.~- Clamping of positive- 
going excursions of 
output voltage. 
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Clemping may be performed at the grid of a triode or pentode, 
Thus the grid of the valve shown in Fig. 585 
acts as the anode of a diode; any tendency 
for the grid voltage to rise above zero 
eduses grid current to flow and the 
condenser C is charged rapidly. he 
arrangement shown is essentially that 
needed to obtain automatic bias by using 
the flow of grid current (see Chapter 7 
Section 4). Clamping is an extreme 
form of such automatic biasing. 





Pig.585.- Use of control grid 
for clamping 
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The circuits discussed above 
clamp one or other extremity of the 
output voltage to zero. However, 
Clamping may occur at any other 
desired reference level. For 
example, Fig. 586(a) shows a 
circuit which is capable of clemping 
the upper extremity of the output 
at sane positive level Y. The 
steady state conditions of the 
circuit are illustrated at (b} and (c} 





Pig.586, - Clamping at a fevel other 
than zero, 


Clamping may also be applied to a time=base oltage. The necessity 
for such a procedure depends on the type of voltage varistion and on the 
conditions under which it is used. 


Fig. 587(a} shows a typical time-base voltage which has a dis- 
continuous sawtooth waveform. If this voltage is applied, say, to a 
deflector plate of .a CRT, via a C-R coupling circuit, the deflector 
plate voltage varies about a mean level represented by the Line ap at (b). 
This mean level is usually determined by the setting of the shift control. 
It is often necessary, in radar apparatus, to change the duration of the 
time base, without altering the repetition frequency (Fig.587(c}). 
Pigs.5a7(b) and {c) show how the change in time-base duration alters the 
level from which the time-base voltages rise , and so changes the starting 
position of the time-base on the screen of the CRT. Similarly, if there 
is a change in the amplitude of the time-base voltage as show at (d] , 
there is again a change in the starting position of the time-base. Where 
changes of time base duration or amplitude are necessary it is clearly 
desirable to introduce clamping. oc 


VOLTAGE 
A 


4 | | ° S(a 
) TIME ( ) 
°° 
\ ( / - a 
A a 
TIME git 5(b) 


TIME 


SWEEP 
VOLTAGE \ 
: of S(C 
| 2 TIME ) 
B 
7 _ 


NOTE - SHADED AREAS ARE EQUAL 


SWEEP 


° 





NOTE - SHADED AREAS ARE EQUAL 


Fig.588.- Continuous sawtooth 
Pig.587.- Sawtooth pulses; effect voltage; effect of change of 


of changing amplitude or duration. amplitude om. sweep-to-flyback 
ratio, 
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If the time-base voltage has a continuous sawtooth waveform, as 
shown in Pig.588(a} conditions are rather different. For exemple, (a) 
and (b} represent time-base voltages of the seme anplitude but with 
different sweep-to-flyback ratios. In these cases there is no difference 
between the voltage levels from which the time-base voltages rise. How- 
ever, if there is a change in the amplitude of the time-base voltage, as 
illustrated at (c), there is a change in the starting voltage level, and 
therefore in the position of the start of the time-base on the screen of 
the CRT. 


This may not be deleterious, since the mean value of the time-base 
voltage corresponds to’ the centre of the trace, which is usually positioned 
at the middle of the screen, The increase in amplitude causes the time- 
base to extend farther across the screen in ooth directions. 


It may be desirable for the time-base to start from the centre of 
the screen of the CRT (e.g. PPI presentation), i.e., for the effective 
time-base voltage to rise from zero. This may be accomplished by clamping 
the lower level of the time-base voltage to zero, by one of the methods 
gescribed in this chapter. uae 


(a) 


The circuits described VOLTAGE 
in Section 2 are examples of a 
simple type of clamping in 
which one extremity of the 
output voltage is clamped at VOLTAGE 
a fixed level. However, 
sometimes a different type of 
clemping is required, in 
which both positive-going and 
negative-going output pulses 
are made to start from some Fig.589.- Voltage variation requiring 
fixed level. switched clamping. 











In Chapter 11 Section 13 a method of producing a rotating time~base 
is described. An essential part of the method is the use of a resolver (see 
Chap.3, Sec.19). A sawtooth voltage as in Fige589(a), is applied to the resolver 
and if a non-resistive resolver is used, output voltages of the form shom at (b) 
are obteined. The steady component of the applied voltage is lost in the 
resolver and each output pulse settles down about its mean value. As the 
sawtooth pulses change in amplitude the time-base voltages start fron 
varying levels, and not from zero as is required. If' all the time-bases 
are to start from the centre of the screen the output voltage should take 
the form shown at({c}. The transformation of the waveforms from the form 
of (b) to that of (c)is accamplished by clamping the voltage during 
each interval between successive sweeps to a fixed value (i.e., zero). 

This requires that the clamping circuit should be switched into operation 
during these intervais only. 


Pig. 590(a) shows a circuit arrangement for providing switched clamp- 
ing. The output voltage is maintained at a steady value except for the 
time during which the clemping valves (valve 1 and valve 2) are rendered 
non-conducting by means of negative-going pulses, lasting throughout each 
time-base sweep, which are applied to the control grids of both valves. 
The ay oe between the switching pulses and the applied voltage is show 
at (b and (c}. 
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Pig. 590.- Action of switched 
clamping circuit 
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Valves 1 and 2 are in series between the voltage levels V, and Va 
(the voltage at Q). While the common grid voltage is held below 
Vg end v, (which is also the voltage at P), neither valve is conducting 
the clamping circuit is inoperative. During the positive-going portions 
of the switching voltage (interval (a)) the grids are held at approximately 
Vg, being clamped by the flow of grid current. The voltage at P then 
settles down to a steady value depending on the relative resistances of 
the two valves. This steady value cannot be greater than Vg by an 
amount sufficient to cut off the current in valve 1, Hence, in the 
steady state, v,. would be stabilised a few volts above Vge As the input 
voltage vy rises, Vo tends to rise, reducing the current in valve 1 so 
that the resistance of this valve is increased. This tends to reduce 
Vo and so counteracts the rise in input voltage. In the extreme case, 
when the rise in v, is sufficient to cut off the current in valve 1, 
valve 2 acts as a clamping diode so that v, is prevented from rising 


substantially above Vge 


Similarly, if the input voltage falls the resistance of valve 1 
decreases and tends to offset the fall in input voltage. If the voltage 
falls by an smount sufficient to cut off the current in valve 2, valve 1 
acts as a clamping diode so that vo is prevented from falling eppreciably 


below Vg° 


The output voltage can be clamped at any desired level (below V3) 
during the positive-going portions of the switching voltage by a suitable 
choice of the clamping level V,. In the application described the 
switched clamping circuit ensures that all the time-bases start from the 
same point. A potentiometer arrangement enables V, to-be determined so 
that this point is brought to the centre of the screen. 
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CHAFTER 12 
PRODUCTION OF SHORT-DURATION PULSES 


1. INTRODUCTION 


A succession of pulses is often required to initiate, at regular 
intervals, the operation of certain radar circuits (see Chaps, 11 and 
14). Normally such pulses have a repetition period of one or two 
milliseconds and a duration of a few microseconds. ‘This type of 
voltage variation is not conveniently obtained directly by applying a 
sinusoidal voltage to a limiting amplifier, for the following reasons. 
Firstly, there is difficulty in producing, and applying to the limiting 
amplifier, sinusoidal oscillations of sufficiently large amplitude and 
sufficiently high frequency to give rise to pulses of short duration 
with steep aides. Secondly, pulses produced by a limiting amplifier 
have usually a repetition period which is of the same order as the 
duration of each pulse: the smaller the mark-to=space ratio, the less 
truly rectangular are the output pulses (see Chapter 9 Section 6). 


It is usually necessary, therefore, to apply the succession of 
rectangular pulses, either produwed by a limiting amplifier or obtained 
from any other source to some pulse-shaping circuit which converts then 
into output pulses of sufficiently short duration for the purposes for 
which they are required. 


Various types of pulse<shaping circuits are considered below. 
2e THE USE OF A SHORT TIMB-CONSTANT C-R CIRCUIT 


If a succession of 
rectangular pulses is applied 
to a circuit consisting of a 
condenser C and resistor R in 
series (Fig.591 ), the time- 
constant being small in com- 
parison with the duration of 
a pulse, then the voltage 
developed across the resistor 
consists of alternate 
positive and negative pulses, 
each-of short duration, as 
shown in Fige594 (see also 
Chapter 2). 











Fig.591.- Use of short time-constant 
CR cirecurt. 


This principle is utilised in the circuit of Fig. 592. Valve 1 
is a limiting amplifier which produces a rectangular output voltage from 
a sinusoidal input. The output voltage of valve 1 is applied toa 
short time-constant C-R circuit followed by a second limiting omplifier. 
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This second amplifier may be designed so as to discriminate between the 
positive~going and negative-going pulses developed across Rg, so that the 
final output consists of a succession of unidirectional pulses of short 
duration (see Chapter 9 Section 8.) In the case depicted this output 
consists of positive-going pulses. The repetition period of these pulses 
ig the same as the period of the sinusoidal input voltage, as indicated in 
the figure. 


If the voltage variation at the anode of valve 1 could be considered 
truly rectangular, and if various circuit components other than C and Rg 
could be neglected, there would be no limit to the reduction in pulse 
width which coulda be achieved by diminishing the time-constant CRge In 
practice there are limits beyond which further diminution of the time- 
constant is not practicable. As shown in Chapter 2 Section 5 and 15, 
the voltage developed across Rg may be seriously affected by 


(i) the input capacitance C1 of the succeeding circuit 
ii) . the output resistance of the eding stage 
pres 


(413) the finite rate of change of the applied voltage - ieee, of 
the anode voltage of valve 1. 


The overall effect of 
these unavoidable circumstan- 
ces is to reduce the 
amplitude of the pulses de- 
veloped across Rg; ulti- 
mately, if the time-constant . 
is still further reduced. (a) " 
no additional decrease in us 7 
the duration of the output 
pulses occurse 





SCREEN AND SUPPRESSOR 








For these reasons, CONNECTIONS ARE NORMAL 
and because they do not 
produce the rectangular Vv 
shape of output pulse t 
which is frequently re~ (b) aa Sliek \itacn foie ee pac, 
> . . t 
quired, O-R circuits cur ofrte- 9 --% ---f--- ---- 
usually give place to 
other types of pulse= VAVALYE:! 


shaping circuits when pulses 
of very short duration, of ‘e | 
less than about 5 micro- 

seconds, are required, 
It should be noted that Care et 
with the circuit arrange- 
ment shown in Fige 593 Ve VALVE 2 
the rise in the grid 4 
voltage of valve 2 at the 0 ; 
trarling edge of a (d) 
negative pulse developed | 
across Rg tends exponent- | 
dally towards the HT volt- 

age (Rig-594 );it is ‘VAVALVE 2 
therefore steeper than when 


the rise is exponential 
towards earth potential as (e) 
would be the case if the is ; 


cireuit of Fig.592 were 
used, 








¥ig.592.- Action of limiting amplifier 
circuit employing short time-conatant 
C-R network. 


566 


Chap. 13, Sect. 3 


By this connection of the grid leak to the HT supply instead of to 
earth the effective pulse width can be substantially reduced without any 


alteration of the circuit time-constant. 


3. THE USE OF A RINGING CIRCUIT 





One of the factors limiting the use of a short time-constant C-R 
circuit for producing pulses of short duration is the input capacitance 


of the succeeding stage. 
circuit, as shown in Fig. 595. 


fhis capacitance can be utilised in a ringing 
The response of such a circuit to the 


output voltage of valve 1 is illustrated in the accompanying diagrams. 
The frequency of the free oscillation is given approximately by ~ 


fk 1 


oo Ji @ : Gi) 








Some damping is provided 

by the output resistance of 
valve 1 and if this is of 
suitable value, the parallel 
damping resistor R may be 
dispensed with. 


The positive-going 
change of voltage at the 
anode of valve ] produces 
at the grid of valve 2 a 
damped oscillation commencing 
with a large positive volt= 
age swing lasting for about 
a quarter of a period. The 
negative-going change of 
voltage produces a similar 
oscillation commencing with 
a large negative voltage 
swinge 


The above considerat- 
ions have neglected any 
effect of grid current in 
valve 2. However, in 
the circuit shown in 
Fige 595 , since valve 2 
is not biased, the 
positive portions of the 
damped, oscillations are 
limited. Grid current 
flows while the grid volt- 
age is positive and the 
resulting small value of 
grid=-cathode resistance 
causes considerable damp- 
ing of the ringing 
circuit. This increases 
the logarithmic decrement 
Quring the flow of grid 
current, and reduces in 
size and duration the 
subsequent oscillation. 

As a result, the voltage 
appearing at the grid of 
valve 2 consists mainly of 


vy 





SCREEN AND SUPPRESSOR 
CONNECTIONS ARE NORMAL 


Pig.593.- Alternative arrangsment of 
the limiting amplifier circuit of 
fig.592(al. 


Vg aLve 2) 


GRIO LEAK 

CONNECTED 

TO EARTH 

SEE FIG 592A 
o 


(a) 





1 
( 
! 
J 
I 
! 
( 
j 
J 
I 
{ 
i 
1 
1 
! 


Ve (WaLve 2) 


GRID LEAK 
CONNECTED 
TO HT SUPPLY 
SEE FIG 593 


(b) ° 
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Pig.594.- Effect of connecting grid- 
leak to HT supply. 
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a negative pulse of short 
duration, the start of which 
occurs as the anode voltage 
of valve 1 changes in a 
negative-going direction. 


The duration of pulses 
produced by this method may 
be of the order of 1-5 
microseconds. 


4, THE USE OF A PULSE-FORMING 
NETWORK 


Pulses of short duration, 
considerably less than 4 
microsecond, can be produced 
from a rectangular input by 
the use of a pulse~forming 
network, Fig. 596 shows 
& possible circuit arrange= 
ment. The limiting 
amplifier produces a rect=- 
angular voltage from a 
sinusoidal input. (Where 
the input is of too low a 
frequency, some degree of 
preliminary shaping will be 
needed), In the circuit 
considered here a short- 
circuited delay network is 
connected across the anode 
load. The characteristic 
impedance of the network is 
made equal to the load 
resistance RZ. The 
operation of the delay line 
has been discussed in 
Chapters 2 and 4 In the 
present case a sudden flow of 
current in the limiting 
amplifier produces a rapid 
change of voltage across R 
which is in parallel with the 
input impedance of the network. 
This voltage is half that 
which would be obtained if the 
anode load consisted of 
alone. The voltage change 
developed across RY how 
travels along the network and 
after a certain time reaches 
the short-circuit where it 
suffers a reflection with a 
change of sign, This 
reversed voltage change 
travels back along the 
network and on reaching the 
resistor RY reduces to zero 
the voltage developed across 
it. Since the network is 
matched to RZ there is no 
second reflection at this 
end. A voltage pulse is 
therefore developed across 
RZ , as shown in Fig. 597. 
The duration of 
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Pig.595.- Use of “ringing” circuit, 
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anf ic 


the pulse is 


where n is the number of sections of the 


network and L and © are respectively the inductance of each coil and the 


capacitance of each condenser 
(see Chapter 3 Section 16). 
This output pulse is negative- 
going and its leading edge 
occurs at the instant at which 
the current begins to flow 
through the limiting amplifier 
valve. If the current 
through the limiting amplifier 
is cut off, a positive-going 


Ye 


(a) 


NETWORK o t 


REMOVED 


pulse is formed which has a 
duration equal to that of the 
negative-going pulse. 


A variation of the pulse- (b) 
forming circuit described above NETWORK 
is shown in Fig.598 . Here epee 26 
the network is in the cathode 
cireuit of an amplifier, and 
is approximately matched at 
one end by the low output 
resistance presented by the 
valve to its cathode load 
(see Chapter 7 Section 18). 
Ihe termination at the other end of the network is a resistor Ry of such 
@ large value that this end can be considered as open-circuited, This 
resistor is necessary to canplete the direct-current path from the cathode 
of the valve to earth. 





Pig.597.- Effect of network in anode 
circuit, 





Pig.598.- Use of network 
in cathode 
circuit, 






SCREEN AND SUPPRESSOR 
CONNECTIONS ARE NORMAL 






nN SECTIONS 


Denote by vs the input voltage and by vg the voltage developed 
between cathode and earth. The valve is assumed to be non-conducting 
until it is put into operation by the leading edge of a rectangular pulse 
applied to the grid, so that initially wx= 0 and vy is below cut-off; 


(Fig. 599 ). 


As vi rises through cut-off valve current begins to flow and the 
rise of vK follows that of vy in « manner similar to the action of a 
cathode follower (see Chapter 7 S¢cbion 18), the cathode load being equal 
to the characteristic impedance of the network. The initial rise of 
VK is slightly less than the amount by which v; rises above cut-off. 
The voltage change vy travels along the network to the open-circuited end, 
where it is reflected, without a change of sign, to return back along the 
network. The returning voltage change arrives between cathode and earth 
an interval on f i after the start of the operation, and 
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increases the voltages of the 
cathode by an amount sufficient 
to cut off the valve current. 
The leading edge of the output 
pulse, appearing across the 
anode resistor Ry is produced 
as the rise of input voltage i 
causea the valve to conduct. - 
The trailing edge of the output 

pulse is formed as the action 

of the network causes the valve 

ourrent to be cut off. Once 





the valve current is cut off ° t 
the cathode voltage falls . 
slowly as the network discharges V, (VOLTAGE BETWEEN GRID AND CATHODE) 


through the terminating 
resistor Ry . The time 
needed for this discharge 
should be long enough to ensure 
that the valve current remains 
cut off until the return of the 
input voltage to its initial 
value. 





High voltage pulses of _o| | ante 
about 1 microsecond duration, ° t 
such as are required for the = 
modulation of transmitters, #4g.599- ae eo ee 


can be obtained by first 
charging a delay line to a 
high voltage and then dis- 
charging it through a resist- 
ive load. A detailed 
consideration of this method 
of pulse production is 

given in Chapter 14. 
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CHAPTER Us 


PULSE MODULATION OF TRANSMITTERS 


1. MODULATION REQUIREMENTS 


In Chap. 6 various types of Oscillators are described, 
mainly with regard to their ability to generate continuous oscilla- 
tions, In pulse radar systems, power oscillators are not employed 
to generate CW but RF pulses. However, since the time taken for 
oscillations to build up is much less than the duration of the out- 
put pulses in present-day Service equipments, this difference does 
not invalidate the description of the modes of oscillation given in 
Chap, 8. 


Transmitting valves are usually held quiescent for 
comparatively long periods, of the order of a millisecond. They are 
then caused to operate, generating a RF pulse lasting for about one 
microsecond, after which they remain inoperative until the next pulse 
is required. The unit which controls the Firing or Pulsing of the 
oscillator is called the Modulator. This term is retained from 
Radio Communication, in which the RF output is modulated in a manner 
which conveys the intelligence. It is usually not convenient to 
regard the modulator from the point of view of the integrated effect 
of recurrent pulses but to consider it instead as a switching device, 
controlling the initiation, and, sometimes, the shape and the duration 
of the output pulses. Considered in this manner it is the function 
of the modulator to maintain the oscillator valve quiescent during 
the intervals set aside for reception, and to bring it into oscilla- 
tion as and when required, maintaining the controlling potentials at 
suitable values throughout the duration of the pulse, Also, except 
in the case of self-quenching oscillators, the modylator controls the 
duration of the output pulses. 


In some systems the modulator controls the recurrence 
period by its own independent timing mechanism. This may be necessary 
when spark gap modulators are employed, since these are prone to 
jitter so that they cannot readily be triggered to spark at an exact 
instant, and the uncertainty may lead to unnecessary timing errors. 
Either the modulator pulse or a rectified version of the transmitter 
pulse may be used to start the timing mechanism for each successive 
recurrence period. Where gas-filled triodes or hard valves are used 
as modulator valves, or when the errors due to sparkegap jitter are 
not important, the modulator may be externally controlled by e master 
timing system. 


In pulse radar as commonly employed successive transmitter 
pulses are not phase~linked and are said to be Non~Coherent. Some 
types of radar system require Coherent pulses; i.e, successive pulses 


must conform to the phase of a continuously running oscillator. In 
such systems the problem of modulation is more camplex In this 
chapter we shall consider modulators for the production of non-coherent 


RF pulses only. 
2. MODULATION METHODS 


Pulse modulators may first be divided into two main types:- 
I Grid Modulators 


II Anode Modulators 
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Although many early radar systems employed I this is now 
generally abandoned in favour of II for the following reasons. 


(a) It is necessary with grid modulation to maintain a 
high HT voltage for much longer than with Type II.. 
This wastes power and necessitates the use of larger 
and more elaborate equipment. 


(b) More precise control is possible with anode modulation, 


(c) Most transmitter valves (magnetrons) now used for 
operation at centimetre wavelengths have no control 
grids. 


Anode modulators may be classified under two general headings:= 
(i) Soft Valve Modulators. 
(ii) Hard Valve Modulators. 


This division is more profound than the mere names suggest. 
Because of the high power handled by the anode modulator, which must 
apply to the oscillator valve the necessary HT voltage (usually several 
kilovolts), and which, during the pulse, carries the full current of 
the oscillator valve (usually several tens of amps) it is a decided 
advantage to use soft valves, which are capable of passing larger 
currents with less dissipation than hard valves. Unfortunately, soft 
valves, although readily triggered, are not so readily extinguished. 
It is necessary, when using a soft modulator valve, to employ a pulse- 
forming network as a supply source for the oscillator valve. The 
power available for each pulse is then utilised during the double 
transit time of the network and the oscillator is therefore unable to 
oscillate after that time. 


Where hard valve modulators. are used there is no such limit~- 
ation. The shape and duration of the modulator pulse are determined 
by a pulse forming network at a low power level. Subsequently the 
pulse is amplified by hard valve amplifiers which are controllable, 
both at the beginning and at the end of the pulse, by the potentials of 
their control grids. 


The divisions (i) and (ii) have, therefors, the following 
significance. 


(i) The pulse-forming network is made to carry the whole of 
the pulse energy and is discharged into the oscillator in series with 
the soft modulator valve, which controls the start of the discharge. 
The problem of charging the network and causing it to discharge as and 
when required is the main consideration. 


(ii) The pulse forming network is incorporated in a low- 
power staze and the pulse is subsequently amplified until the power 
level is sufficient for modulating the oscillator. The problem of 
amplification, and the choice of suitable valves, is the main consider= 


ation. 


Both systems are commonly used in Service equipments. 
GRID MODULATION 


5. Pulse Amplifier Method 
The essential circuit of this method is shown in Fig. 600.(a). 
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The oscillator is shown for 
simplicity as a single valve, 
valve 1, with lumped L-0 
tuning, although arrange- 
ments using push-pull valves 
and tuned lines may be 
employed, The RF connec- 
tion from the tuned circuit 
back to earth is via the 
condenser C, but the Dc 

path is via the resistor 

R, which forms the anode 
load of the pulse amplifier, 
valve 2. The cathode of ° 
valve 2 is returned to the (bys SUSSERP eS 
hegative supply line, 
~oOVR. The action is as 
follows. 





(i} Valve 2 is ° 
normally i 
conducting Cor a 
heavily, 
since its 
grid-cathode RR QUT EUS 


potential is 
approximately : e a 
equal to zero. om 

The flow of 
anode current 
through R 
depresses the Fig. 600 - Grid modulation: 
potential at pulse amplifier method. 

oA, and there~ 

fore the grid 

bias of valve 1,below earth by an amount sufficient to 
eut off the anode current of valve 1, wnich therefore 
does not oscillate. 





(ii) The anode current of valve 2 is cut off by means of a 
negative pulse applied to its grid, so that its anode 
voltage, and hence the grid bias of valve 1, rises 
towards earth potential. Tais allowa valve 1 to conduct and 
generate oscillations. The waveforms are shown in 
Fig. 600. 


Capacitance in shunt with R, including the anode-cathode 
capacitance of valve 2 and that of the RF bypass condenser C, delays 
the rise and fall of the voltage at 9A, and the grid bias of valve l. 
The effect is most marked on the leading cdge of the pulse, which rises 
with a time-constant equal to the product of the total shunt capacit- 
ance and the load R; in order to make this time-constant small, R 
must have a small value (e.g., 3k). A second reason for making R 
small is that the grid current of the oscillator flows through it, 
tending to produce a negative bias. To obtain‘the required rise in 
voltage at 2A (e.g. 1500 volts) across a low resistance requires a 
large decrease of current (e.g. O°5 amp}. Thus valve 2 must be 
capable of passing such a current continuously and have an adequate 
permissable anode dissipation, because it is conducting for the whole 
of the recurrence period except for the duration of the RF pulse. 

For this reason, the mean power taken from the HT supply -9Vp is large. 
A suitable value for oVg is 2°5 kV. 
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Fig. 601(a) shows 
the circuit for this method. 
The DC return path from the 
grid circuit of the oscilla- 
tor (valve 1) is via the 
cathode load R of the 
cathode follower (valve 2). 
The operation is as follows:-~ 


(i) Valve 2 
normally biases 
itself nearly 
to cut-off, 
because its 
grid circuit is 
returned to the 
“negative end of 
R, the voltage 
at 2K becoming 
positive with 
respect to 
“oVR by an 
amount app.oach= 
ing the cut-off 
bias of valve 2, 
This means that 
the voltage at 
9K, and hence 
the grid bias. 
of valve 1, are: 
sufficiently 
negative with 
respect to 
earth to dut’ 
off the anode 
current of valve 
i. 
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HT 
SUPPLY 
Fi 


VALVE | 


(a) 


RF OUTPUT 





Fige 601 = Grid modulation: 
cathode follower method. 


(ii) A positive pulse ‘applied to the grid of valve 2 raises 
the grid voltage to a value approaching earth potential, 
and the cathode voltage, together with the grid bias of 
valve 1, follows, se bringing valve 1 into conduction. 


Capacitance in shunt with R produces little delay in the rise 
of the pulse because of the low output impedance of the cathode follower, 
The trailing edge, however, may be adversely affected, since for this 
the output resistance of the cathode follower is larger than for the 


leading edge. 


The fall in voltage at oK tends to lag behind that at 
2G so that the valve current is cut off, 


The output resigtance for 


the trailing edge of the pulse is thus approximately R, and the corres- 
ponding time=constant is the product of R and the total shunt capacit= 


ance. 


The waveforms for the cathode follower circuit are shown in 


Fig. 601. 


Advantages of this method compared with the former are:= 


(1) The modulator valve, valve 2, is conducting heavily only 


during the pulses; 


consequently jts anode dissipation 


during the quiescent period is comparatively low and the 
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valve is operated more efficiently. However, the 
cathode of valve 2 must still have a high emissivity 
because, while valve 2 is conducting, it must carry 
the grid current of valve 1. 


(ii) The distortion of the pulse due to shunt capacitance 
is reduced, 


The cathede-follower modulator requires to be driven by a 
positive-going pulse of amplitude somewhat greater than that of the 
output pulse required. The stage generating this pulse can be an 
amplifier of the type described in Sec. 3 but can have a largerout- 
put resistance than is permissable if such a stage is employed as 
the modulator. This is because the input impedance of the cathode 
follower is considerably higher than that presented by the grid 
circuit of the oscillator, 


The design of a grid modulator is similar to that of the 
Pre-Modulator Stage for a hard velve anode modulator. It is there=- 
fore suggested that Secs. 9 and 10 should be read in conjunction with 
the above. 


5. Grid Self-Quenching positive 
VOLTAGE 
If an oscillator 
is provided with a C-R 
network in its grid circuit, 


it may be made to generate 
RF pulses. The phenomenon (a) 
of Grid Self-Quenching vt 
c 


(squegging) has already 
been described in Chap. 8, 
Sec. 47%. It is sufficient 
here to indicate the 
circuit to be used and the 
waveforms produced, illust- 
rated in Fig. 602, In 
Pig. 602(a) the condenser 
C is shown inserted 
between the top end of the 
L-C circuit and the grid, 
but if more convenient it 
may be placed between the 
bottom end and earth. 

The resistor R is connec= 
ted either to zero or to 

& positive potential. 


HT (Va) 


RF 
OUTPUT 





Fige 602 = Grid self-quencning oscilleton 
The squegging 
oscillator has the merit 
of extreme simplicity but possesses several disadvantages;<- 


(i) The bias is varying throughout the duration of the pulse 
so that mtimum conditions of oscillation are not maintained. 


(ii) The pulse shape is not very good, 
(iii) The repetition period is rather indeterminate because it 
depends on the slow exponential rise of the grid voltage to cut-off, 


Variation of cut-off potential with ageing of the valve or between 
different valve specimens can thus cause alternations of recurrence 
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frequency. This tendency is reduced when R is returned to a positive 
voltage. 


(iv) The RF pulse length is also rather indeterminate bec- 
ause it depends on the rapidity with which C charges due to grid 
current flow. Change of grid-current characteristics with ageing 
of the valve or change of valve specimen thus produces variation of 
pulse width. 


The indeterminacy of the recurrence frequency of the freely 
running squegging oscillator can be eliminated by triggering the grid 
circuit of the oscillator by ope of the methods described in Secs. 3 and 
4. The triggering pulse is longer than the required duration of the 
RF pulse, the latter being determined as before by the rate at which 
C is charged by grid-current flow. The circuit may be arranged as 
in Fig. 603, a cathode follower triggering valve being used. From the 
waveforms it can be seen that the action of the oscillator is initiated 
by the triggering pulse and its duration is deterinined by the squegging 
action. The free-running repetition frequency is chosen to be 
greater than the frequency of the triggering pulses so that the valve 
is ready for operation by the time each triggering pulse is applied. 





dd 





Pig. 603 - Triggered squegging oscillator. 


The duration of the trigger pulse need not be shorter than is necessary 
to prevent double pulsing. Double pulsing occurs if the rate of rise 
of mean grid potential after the end of the RF pulse is such that cute 
off is reached before the end of the positive portion of the triggering 
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pulse. In this case a second RF pulse is produced by the oscillator. 


The advantage of the arrangement compared with the simple 
cathode follower type of grid modulator is that it removes the 
necessity of generating triggering pulses as short as the duration of 
the RF pulse. 


6 Anode Self~Quenching R 


Although this is not a 
method of obtaining grid modulation, 
it is convenient to mention it here, (a) v 
as it is used in conjunction with ly : 
triggered grid self=quenching 
circuits to reduce the likelihood 
of double pulsing. If the anode 
circuit of the oscillator is fed PRE-MODULATOR 

PULSE 





from the HT supply via a C-=R v 
network as shown in Fig. 604, the 
applied HT, instead of remaining ° t 


constant as with direct feed, (b) 
varies in the manner shown in Fig. 
604. The applied HT falls. 
rapidly due to the discharge of 

C by anode current flow while the 
valve is oscillating during the 
first part of the trigger pulse; 
it then commences to rise as C 
recharges through R, but the rise 
during the remainder of the 
trigger pulse is small. Because 
of the low value of applied HT 
during this period, the cut-oif : 2 ching 
value of grid potential is less Rigs, SOE Anode: Sele —iten 
negative; consequently the mean 

grid potential can rise 

further during the remainder of 

the triggering pulse without the oscillator coming into conduction 
and producing a second RF pulse. The variation of applied HT also 
affects the RF pulse length and shape. 





The action of the triggered self-quenching circuits can be 
made more definite by substituting an open-ended delay network for 
the condenser C of the C-R circuit. The operation of self—quenching 
using delay networks will not be described as they have not been used 
to any great extent. Anode self-quenching using a delay network 
constitutes one of the important methods of anode modulation and is 
described in Sec. ll. 


7 Disadvantages of Grid Modulation 


(i) If valves with oxide-coated c thodes are used grid 
modulation may be seriously affected because of grid emission caused 
by deposition of oxide-coating on the grid, Gold plating the grid 
reduces this effect, the gold poisoning the sputtered coating and 
preventing emisgion. Even with thoriated tungsten filaments grid 
emission can occur for either of two reasons. 


(a) -If the grid, by reason of its proximity to the cathode, 
becomes very hot, primary emission from the grid may occur, 


(b) If the grid is driven very positive, secondary emission 
may result. 
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In any case the Reverse Grid Current tends to cause the 
Squegaing network to charge up in the wrong sense, with possibilities 
of GW oscillations ensuing. In general, special precautions must be 
taken to prevent such reverse current from passing through the squegg= 
ing network, such as the use of bypass diodes. 


(ii) The HT is applied to the oscillator continuously, so 
increasing the tendency for the phenomenon known as flash-arcing to 
occur; this is the complete breakdown of the high insulation normally 
afforded by the high vacuum between the electrodes of the valve. 


ANODE \ODULATION 
8 General 


In this type of modulation, the mean potential of the grid 
(if any) of the oscillator remains constant, whilst the anode~cathode 
voltage is switched to the operating value for the required duration 
of the RF pulse. This action may be brought about by switching 
either anode or cithode voltage, the lattcr being used for oscillator 
valves which work with their anodes earthed, 


De Hard Valve Modulator 


The basic circuit for Hard Valve Modulation is shown in Fig. 
605. The oscillator and moduletor valves a:e connected in series 
across the Hf? supply. The modulator=-valve current is normlly cut off 
by the negative grid bias and no current can flow in the oscillator 
vuelve. A positive pulse is supplied to the moduletor grid so as to 
bring the valve into hezvy conduction for tne re uired duration of the 
RF pulse. During the pulse, the mouulator valve should offer a low 
impedance so that the greater part of the HI voltace may be developed 


across the oscillator valve, 
HT 






PRE-MODULATOR 
PULSE 


PRE-MODULATOR 
PULSEQ 


ww 
v 


O-HT MODULATOR MAGNETRON 
Fig. 605 = Basic circuit Fig. 606 - Shunt-fed modulator 
of hard valve modulator. circuit. 


If a magnetron oscillator is employed the HT positive lead 
must be earthed since the anode ol the magnetron is at earth potential 
because of its mechanical construction. This may be avoided by 
adopting a shuntefed arrangement, as in ig. 606. To ensure correct 
operation the voltage developed across the magnetron must remain steady 
during the pulse. This means that a long time=constant coupling 
circuit should be used, The resistances involved in this coupling 


eireult are;:- 
Ry, the resistance of the modulator valve when conducting, and 


Rm, the resistance of the magnetron when oscillating. 
For maximm efficiency the following results must hold:- 


Ry > R, 
R, > Ry 
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Hence the condition for small distortion of the rectangular 
pulse is that OR >> the duration of the pulse. 


10. Modulator Valve Requirements 
The Modulator valve must satisfy the following requirements:= 


(1) The cathode mist have a high emission, since the oscille- 
tor valve current passes through the modulator valve. 


(ii) The resistance of the valve when conducting must be 
small compared with that of the oscillator in order 
that the greater part of the HT voltage may be devel- 
oped across the oscillator. 


(iii) The valve mist be capable of withstanding the full HT. 


(iv) The valve mst have small inter-electrode capacitances 
in order to preserve pulse shape. 


(v) The maximum permissible anode dissipation must be 
adequate. 


These different requirements conflict with one another, and 
the design is necessarily a compromise. 


Two examples of modulator valves are given below :- 
(i) OV57 Beam Tetrode 


Thoriated cathode.  Gold«plated grid. 
Max. permissible anode current = 5A 
Imeécance = 5000 

Meximm anode voltage = 11 kV 

Input capacitance = 21 pF 

Output capacitance = 11 pF 

Maximm anode dissipation = 159 


Three of these valves in parallel are normally used for 
modulating a CV64 magnetron. 


(44) 7415C Beam Tetrode 


Oride-coated cathode. Gold-nlated grid 
Max. permissible anode current = 15A 
Imedamce = 3002 

Meximm anode voltage 18kV 

Input capacitance = 35pF 

Output capacitance = 8&8 pF 

Maximum anode dissipation = 60W 

Rated anode Voltage = 15kV 


11. Anode Modulation using a Pulse-forming Network in Conjunction with a 


Spark Gap or a Gas Triode 


In this method the modulating pulse is obtained by discharzing 
a pulse-forming network into the load presented by the oscillator through 
a@ Spark gap or a gas triode. The network is charged from the HT source 
in the intervals between pulses. 


The principle of operation may be understood by first 
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considering the action of the circuit of Fig, 607(aj. This consists 
of the anode self=quenching 
circuit of Pig. 604, with the 
addition of a switch S in 
series with the oscillator. 
In practice, S takes the 
fona of a spark gap or a gas 
triode; these possess the 
property of maintaining 
conduction at very much 

lower voltages than those at 
which they strike. 


While S is open, 
the condenser C charges 
through resistor R to the 
Hi voltage, When S is 
closed, C discharges 
through the load presented 
by the oscillator, the 
resistance of R being very 
much greeter than that of | 
the load. When the volt~ 
age across C reaches some 
value Vi, Fig. 607(b), S 
opens (i.¢6. the spark gap 
or gas triode extinguishes) 
and C recharges through R. 
The voltage across the Fige 607 = Anode modulation using 
oscillator is zero between CeR network. 
pulses and, neglecting the 
small less of voltage across 
S, is equal to vg while § 
is closed. 





The circuit just described is capable of generating modulate 
ing pulses for the oscillator, but the pulse shape is far from rect- 
angular. hie disadvantage mav be overcome by replacing C by an 

Open~enced network as shown in Fig.608. While 3 is open, 
the condensers charge 
through R as if they were 
#11 connected in parallel 
the inductances having [ F 
negligible effect during SUPPLY. Geen -Gubco 
the relatively slow charge. DELAY NETWORK 
The total charging capaci- 

: + 

tance is thusnc; (b). a is 
When 3s us closed the net= 


Vv 
work discharges producing “3 
a more or less rectangular a 
pulse across the oscillator; . 
(c). The manner of this HT(Ve) * 
+O 
v ( 






discharve depends on the 
following considerations; = 





rae : (b) ¢) v 

(i) The number of 
sections in Fig. 608 = Anode modulation using 
tne pulse. network. 


forming netvork. 
The more sections there are the more nearly rectan,vlar 
the pulse becomes. 


(ii) The total inductance (nL) and capacitance (nC) 
of the network. The duration of the 
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pulse is 2 /nl.m = n/L.Cc 


(iii) The ratio of the characteristic impedance of the net- 
work at zero frequency to the resistance of the load. 
The existence of subsequent reflections, their 
magnitude, and polarity, depend on this ratio. 


Thése effects are dealt with in Shap. 4, Sec. 12 and Chap. 3, Sec. 16, 
Various methods of charging the delay network may be employed. These 
are deslt with in Secs, 23 ~ 36, 


Owing tc the high voltages used, the network is usually 
immersed in 011 to minimise leakage and the possibility of a flash~ 
over. 


FULSE TRANSFORMERS 
12. General 


High voltage transformers normally used in power supply 
circuits are designed to operate with currents which are approximately 
Sinusoidal, and are required to produce a corresponding sinusoidal 
output voltage. In high-power pulse circuits the requirements are 
different, and ordinary transformers are liable to distort pulse= 
snape very considerably. 


The term Pulse Transfcrmer is applied to transformers which 
are designed to pass pulses without appreciable distortion of their 
shape. 


Pulse transformers find particular application in the 
modulator section of radar equipments, being used for the following 
purposes; - 


(i) Matching, e.g. matching tne modulator or magnetron to the cable 
connecting then, 


(ii) Reversal of a pulse, e.g. between the pre=modulator and modulator 
valves. 


(413) Coupling between two circuits at diiferent stesdy voltage levels. 


13. Equivalent Circuit of a Fulse Transformer 





The distortion of the pulse shape produced by a pulse trans- 
former can be determined by 
analysis of its equivalent 
circuit, An approxinate 
equivalent is shown in Fig. 
609. <A mathematical just- denies 
ification for tnis equiv- TERMINALS 









SECONDARY 
TERMINALS 


alent circuit can be given, eae 
but it is sufficient here mt 

to indicate the signiricance 

of the various circuit Fige 609 = Equivalent circuit for 
elements shown, pulse transformer. 


Cy is the primary winding self-capacitance + output capacitance 
of the staye feeding the primary. 


Ls represents the leakage inductance between primary and, second- 
ary i.e. the inductance of the primary when the secondary is 
short-circuited. 
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Lp represents the mgnetising inductance, i.e. the inductance 
of the priwary when the secondary is open«circuited, 
Rj represents the losses due to dissipation in the iron core. 
m is the step-down ratio of the transformer (the turns ratio). 
Co = C22 where Co is the secondary winding getewcapec: tence + 


stray shunt capacitance + input capacitance of secondary 
load, 


Re = mRg, where 
Rg is the secondary load resistor. 


C5 and Ri are the equivalent values of Co and Ry reflected 
from the secondary to the primary circuit of the transformer. 


The Ideal Transformer merely transforms the voltage in the 
ratio of the turns, and introduces no other circuit elements. 


14. Pulse Transformer Connected Between a Modulator Valve and Magnetron 





An approximate treatment of the operation of a pulse trans- 
former connected between a modulator and 
magnetron (Pig. 610(a)) is now given. 
The modulator and magnetron valves MAGNETRON 
conduct heavily during the pulse, and 
are non-conducting between pulses. 
The equivalent circuits for the duration 
of the pulse, and for the interval 
between pulses are considered separately, 


(i) Operation during pulse 


The equivalent circuit during 
the pulse may be derived from Fig. 609 
and is shown in Fig. 610(b). In this 
figure 





= anode=cathode resistance of 
the modulator valve when 





conducting. 
ee whee Fig. 010 = Pulse transformer 
Ry = Ry E connected between modulator 
Ry = @node-cathode resistance of mag- valve and nee 


netron when conducting, 
Yy = voltage across magnetron. 


Ry of Fig. $09 is omitted because 
Ry > Ry's 


This still complicated equivalent circuit can be simplified 
by considering separately the action of the circuit for the leading 
edge of the pulse (modulator just switched on) and during the atenoy 
portion of the pulse. 


(a) Response on leading edge. 
The equivalent circuit may be simplified by omitting 31 
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since Cj can charge very rapidly through the low impedance Ry of the 
modulator. We may also omit Lp for the following reasons; - 


In the first instance neglect Ls since Ls < Lp. Then 
the current through Lp is small provided the time-constant Ly is 
Ry 
much greater than the corresponding time-constant for the circuit 
formed by Co , Ry and Ry, i.e. 


# if 
bey 2 & 


Pe Ry + Ry 





Normally R, >> Ry so that this reduces up > & 
By Re f Ry 


This condition.is normally satisfied in a pulse-transformer 
circuit. The simplified circuit is shown in Fig. 611(a); in this the 
ideal transformer is omitted for clarity. 


The voltage yy across the magnetron does not instantaneously 
attain its steady value of ~ 8 » because of the presence 


Fi ‘ m(Ry + Ry} 
of Lg and Co which form a series resonant circuit, Oscillations 
occur if the damping factor § of the circuit is less than unity; 
(see Chap. 2, Sec. 10). Any reduction in damping below this 
eritical value will 


(1) introduce a ring, which is undesirable; 


(2) steepen the leading edge and so accelerate the build-up, 
whjch is desirable. ‘ 


A compromise must be achieved between these effects,and the 
value § = 0*7 is commonly used. This compromise is illustrated in the 
following typical specification;- “The pulse must attain 90% of its 
final voltage within O°1 /asee, and the amplitude of the ripple must not 
exceed 10% of the mean pulse voltage." The pulse shape for various 
values of $ is shown in Fig. 611(b). 


(a) 





tb) 
“Vy 
m 
(b) 
Fig. 611 = Performance of pulse Fig. 612 = Performance of pulse 
transformer during leading edge transformer during steady portion 
of pulse. of pulse. 
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(b) Response during steady portion of pulse. 


Here the gradual build-up of magnetising current in Lo’ 
results in a decrease of current through the magnetron. Since this 
variation of current is relatively slow, Cj, Ls, and C' may all be 
neglected, The resultant simpli- 
fied circuit is shown in Fig. 612(a). 

The voltage my across Lp falls 





from its initial value with a time Ty 
constant 
’ ° t 
bei devi i 
the pulse shape being as depicted - 2M Sees 


in Fig. 612(b). 


Combining the effects 


on the leading edge and during Fig. 613 - Pulse transformer: 
the steady portion of the pulse combined effects on leading edge 
we obtain Fig. 613. and steady portion of pulse. 
(ii) Operation between Pulses ts 

We will consider the q be Ry mC, 
effects on the trailing edse of 
the pulse, when the modulator and (a) 


magnetron have become non-conducting. 
The equivalent circuit is shown in 
Big. 614({a). Cy and Co’ are charged 
and must discharge before equili- 
brium is reached. ‘Two types of 

ring can occur;= 


{a} A relatively low- 
frequency ring 
due to Lp reson~ 
ating with the 
parallel combina- 
tion of Cy and 
Co » Lg having 


little effect for 
this slow oscille- 
tion. Damping v, | 





occurs due to Rj. 


(b) A high-frequency 
ring due to Lg 


resonatin, with Aone widastrnow 


OVERSWING 


the series (c) 

combination of 

G1 and Co, Ly Fig. 61, - Performance of pulse 
having Little transformer after the end of 
effect on this the pulse. 

rapid ovcilla~ 

tion. 


Fig. 61;(b) shows the type of waveform produced, the high- 
frequency and low-frequency rings being superimposed. 
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15. Design Considerations 


It follows from Sec. 14. (i) that for minimum distortion 
during the leading edge and steady portion of the pulse the constants 
must be chosen so that 


L ' 
<2 > t > oR, 


‘Vv 


where T is the duration of the pulse. 


P 
Consequently C2' should be as small as possible, with a large value 
of Lps 


In order that the trailing edge of the pulse should be 
sharp, the frequency of the low-frepency ring should be high; i.e. 


Lp (Cy, + C3) should be small. 


In general these two sets of conditions cannot be attained 
unless Ry is very small. A large value of Lp can be obtained by 
either using a large number of primary turns or using a high permea- 
bility core. Of these, the latter js preferable because smaller 
values of Lg, Cy and Co are then obtained. High-permeability core 
materials are available in the form of certain aickel-iron alloys, 
of which the outstanding example is mu=metal. A considerable 
reduction of leakage inductance can be effected by the use of an auto~ 
transformer, rather than one with two -eparate windings. Thi: is 
possible only waen primary and secondary circuits are at the same 
steady potential.In large pulse transformers high-permeability alloys are 
seldom used since flux saving is very smll. 

Tie insulation of high voltage pulse transformers_is a 
difficult problem; the most suitaole method is to enclose the 
windings in a sealed oil-filled container. Allowance must be made 
for expansion of the oil due to heat. 


16. Overswing Diode 


In Fig. 614(b), the negative peak at P may reach sufficient 
amplitude to cause the magnetron to oscillate again, leading to the 
production of a double RF pulse. To prevent this a diode is connected, 
as in Wig. 614(c) so that it conducts on the preceding positive half- 
cycle,i.e. between Q and R, and damps out the oscillation. A pro- 
tective resistance is usually included in series with the overswing 
diode. 


17. Pulse Transformer with Bifilar secondary 


If a pulse transformer is used to feed the HT pulse to the 
cathode of the magnetron (Fig. 615) the transformer supplying the 
heater of the magnetron must be rated to withstand the full pulsé 
voltage. Tuis may be avoided by tne use of 4 pulse transformer with 
a bifilar secondary, connected as in Fig. 616. The two sections of 
the bifilar winding are numbered 3, 4 and 5, 6, The ends marked 4, 6 
are effectively at earth potential so far as the pulse is concerned, 
6 being connected to earth directly and 4 being connected thereto via 
the condenser C1 (e.g. 0-OlpF). The heater voltage for the 
magnetron can therefore ve ‘applied at the points 4, 6 from a trans~ 
former of normal rating. 


Equal pulse voltages appear at the ends of the winding of 
the puise transformer marked 3, 5 and are applied to the two sides of 
the heater ox the magnetron, one of which is connected to the cathode. 
The condenser ensures that any inequality in the pulse outputs of the 
bifilar winding does not damage the heater. 
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HEATER 
TRANSFORMER 
PULSE 
TRANSFORMER id HEATER 
TRANSFORMER 
Fig. 615 - Pulse transformer Fig. 616 - Pulse transformer 
feeding magnetron. with bifilar secondary. 


18. Use of Pulse Transformer in Conjunction with Hard Valve Modulators. 





In certain Service applications it is necessary to separate 
the oscillator and modulator valve circuits. To avoid distortion 
of the pulse shape by the connecting cable it is necessury to termin- 
ate the cable in its characteristic impedance; this may be done by 
using a pulse transformer to match the impedance of the magnetron into 
the cable. The matched cable will not in general present 4 suitable 
impedance for direct connection to the modulator, and a second pulse 
transformer is inserted between the modulator valve and the inpuf of 
the cable. This arrangement is shown in Fig. 617; since the imped- 
ance of the cable is normally considerably less than that of the 
magnetron, the input pulse transformer has a step-down turns ratio, 
and that at the output a step-up ratio. Because of this, the voltage 
across the cable is considerably less than that applied to the magne= 
tron, with the consequence that the necessary voltage rating of the 


cable is much reduwed. 


CONNECTING CABLE 







CONNECTING 
CABLE 







PRE-MOD® 
PULSE 





OVERSWING 
DIODE 


¥ 


OVERSWING 
DIODE 


«ll 
( 


Fig. 617 = Use of connecting cable Fig. 618 - Use of auto-transformers 
and pulse transformers between between modulator and oscillator, 


modulator and oscillator. 


Example: - 
Impedance of magnetron when conducting = 900M 
100n 


Characteristic impedance of cable 
Amplitude of pulse across magnetron = 12h. 


Step-up turns ratio required between cable and magnetron 


20 = Be 
100 


Voltage across cable = JBxv= 4 wv. 
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The purpose of the overgwing diode in Fig. 617 is des- 
cribed in Sec. 16. 


In place of the double-wound transformer shown (Fig. 617) 
auto-transformers are frequently employed. An arrangement using 
auto=-transformers is drawn in Fig. 618. 


19. Use of Pulse Transformer in Conjunction with Delay Network 
(Soft Valve) Modulators 


Pulse transformers may be used in conjunction with a delay 
network modulator for the following purposes;- 


(i) To step up the voltage of the pulse before application to 
the oscillator. This allows the use of a delay network with a lower 
voltage rating. It increases, however, the current which must flow 
through the spark gap or gas triode to produce a given current in the 
oscillator circuit, e.g. if 12kV. 104A. are the voltage and current 
required in the oscillator circuit, and 4kV the output voltage from 
the delay network, a current of 304. must flow through the switching 
device. é 


(ii) To enavle a low impedance cable to be used between modulator 
and oscillator units. 


HARO VALVE MODULATOR CIRCUITS 


20. Pre-Modulator 


A hard modulator valve requires the application of a positive- 
going pulse of large amplitude (e.g. 1,000 V) to bring it into conduct- 
ion. The unit which generates the pulse is known as the Pre-Modulator 
(or Driver), 


The action of the pre-modulator is initiated by a triggering 
pulse from the radar timing mechanism. This pulse is normally of 
comparatively long duration and is used to prodwe a short duration 
pulse of the desired shape by one of the methods described in Chap. 13. 
This pulse my go through several stages of amplification, inversion, 
shaping, ete. before the output stage is reiuched. 


The output impedance of the pre=modulator unit must be low, 
for the following. reasons;= 


(i) Tne grid of @ large modulator valve must be driven consider= 
ably positive, e.g. 100 V, in order to make the valve conduct as 
heavily ss possible; under these conditions the input impedance is 
low due to the flow of grid current. Unless the output impedance of 
the pre-modulator is sufficiently low, limiting will occur as described 
in Chap. 9. 


(i) A low output impedance is necessary to preserve pulse shape. 


The simplest form of pre=-modulator output stage consists of 
a valve with resistive anode load which conducts during the intervals . 
between pulses and is rendered non-conducting by the application of a 
negative pulse to its grid for the required duration of the RF pulse. 
In order that the stage may have a low output impedance, it is 
necessury to use a smal] anode load. To produce # voltage pulse of 
large amplitude across a small resistance requires a large current 
change, Therefore a valve capable of passing a heavy current contin= 
uously and having a large permissible anode dissipation must be used, 


ron 


On the other hand the stage supplying the -negstite pulse which cuts 
off the current of the output stage can be of low power since it is 
required to conduct only for the duration of the RF pulse. 


The high power SHORT- CIRCUITED Low HIGH 
consumption of the pre-= oe oe eOUIaGe 
modulator output stage 4 
may be avoided by insert PALO OUTPUT TO 









ing a phase-reversing VALVE 
pulse transformer bet= % 
ween the anode of the 

output stage and the ee 

grid of the modulator INEUT: 


valve. In this case ; = 
the output valve is brought 

into conduction for the 

duration of the RF pulse 

only, and although it 

must. be capable of hand~ 

ling large peak currents, 


its ratings of maximun : 
emission current and anole CuysOer [ievis= Seas ee 
dissipation may be compar- 


atively low. Such a ‘y 
stage may, if cesired, be 
driven from a nomwlly 
quiescent “aWepower st. ca 
through anotner prase~ 

reversing transforr:r, cur-o8t 












a an 
toov- - --Pe eT pee 


A represent=- 
ative arrangement for a 
complete pre-modulator 
unit is shown in Fig. ° 
G19 together with the ore 
waveforms of the volt~ 
ages produced at various 





points. The negative- ° 

going edge of the rect= 
angular triggering Fig. 619 = Representative pre-modulator 
voltage corresponds to circuit and waveforms. 


the firing instant of the 

transmitter; this volte 

age is applied to the grid 

-of valve 1 via a long 

time=constant circuit, which in conjunction with the gridecathode 
circuit of the valve, clamps the voltage so that its positive=going 
level at the grid is approximately zero volts. In the anode circuit 
of valve 1 is a short-circuited delay network, which results in the 
production of positive-going and negative-going pulses of the 
required duration. These are applied to the grid of valve 2 which is 
biased so as -to be brought into conduction only during the positive- 
going pulses. The amplif'ied negative=going pulses at the anode of 
valve 2 are reversed in phase by the pulse transformer Tz and applied 
to the grid of valve 3, which is also biased so as to conot only 
during the (positive) applied pulses. The newative=going pulse oute 
put of valve 3 is reversed in phase by To before see noneEOe to the 
modulator valve. 


21. Boot-Strap kre-Modulator 


The employment of pulse transformers, with the consequent 
possibilities of distortion of the pulse shape, can be avoided, whilst 
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at the same time ali valves may be kept in the quiescent state except 
during the puise, by use of the Boot-Strap circuit. Tnis circuit, 
together with waveforms, is shown in Pig. 620. 


In the interval between pulses valve 2, a gas triode, is 
biased by the voltage -Vg so that its grid is sufficiently negative 
with respect to cathoue to prevent it striking. The open-ended 
delay network in the anode circuit of valve 2 charges to 7Vp through 
the large resistance R,’in series with the comparatively small resist- 
ance R7. Valve 3 is biased to cut-off by the voltage “Va. 


TRIGGER 
PULSE 


(a) 


CHASSIS 


Vg 





TRIGGER VOLTAGE 


(b) 


Bef Fig.620 = Boot- 
strap pre~ 
modulator. 






Vag IS THE VOLTAGE 
DEVELOPED BETWEEN 
A AND B 


t 


Vie (S THE VOLTAGE 
(d) DEVELOPED BETWEEN 
“ K AND 8 


(c) 


THE VOLTAGES BETWEEN 
A OR K AND CHASSIS 
(e) MAY BE FOUND BY 
ADDING TO (c) OR (d) 
THE VOLTAGE SHOWN 
AT (e) 





° — i 


The circuit can be triggered by any pulse with a fairly 
sharp positive-going edge. This pulse is applied to the short time~ 
constant circuit 0; ~ Ry» The positive-going portion of the output 
of this network is applied to the grid of valve 2 via the isolating 
diode, valve 1. Valve 2 strikes and the delay network discharges 
through the series combination of valve 2, which has negligible 
resistance, and Ry,‘ the value of which is made equal to the character~ 
istic impedance of the delay network, 


° 
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At the anevepe of striking, the input voltage to the delay 
network Valls to 1V: B, ‘and, neglecting any loss across valve 2, an equal 


voltage appears across Ro. The witage across Rp is.applied via thé 
coupling components Cz, to the grid of valve 3 which is brought into 
conduction. The flow 3B ‘current through R7 raises the cathode potent- 
ial of valve 3, but this valve does not act as a cathode follower 
because the lower end of Ro is returned to its cathode. As the cathode 
voltage of valve 3 rises, the voltage of Ro as a whole rises; this 
raises the cathode voltage of valve 2, but because walvé 2 is a gas 
triode, once struck it continues to conduct, irrespective of its grid-. 
cathode voltage. The voltage across Ro, i.e. that applied between grid 
and cathode of valve 3, remains constant, since the anode-cathode 
circuit of valve 2, including the delay network, rises with the cathode 
of valve 3. Ry is large and has little shunting effect on this "boot~ 
strap" action. Provided the voltage across Ro is of sufficient magni- 
tude to raise the potential at the grid of valve 3 above that of its 
cathode, this valve can be made to conduct very heavily, the wltage 
across R7 approaching the value 2VpR. 


The time for which valve 2 and valve 3 remain in conduction is 
determined by the transit time of the delay network, At the instant 
at which valve 2 is struck and the delay network starts to discharge, a 
negative-going rectangular wave of amplitude 1Vg commences to travel 

=- 
along the n-twork and ig reflected without change of phase at the open 
end. When the wave returns to the input end the line is completely 
discharged and the voltage across valve 2 and Rog in series falls to 
zero, Valve 2 is extinguished, the driving voltage for valve 3 dis- 
appears and its current is cut off, The output pulse to the modulator 
valve therefore lasts for the double transit time of the delay network. 
The delay network subsequéntly recharges, valve 2 remaining non-comuct- 
ing until the next triggering pulse is applied. 


A condenser Co is connected fromthe cathode of: valve 2 to the 
junction of two resistors Ry and Rg in order to oa thé grid- 
cathode voltage of valve 2 becoming highly negative Whén the cathode 
voltage of valve 2 rises during the pulse due to the “beot-strap” action. 
The purpose of the isolating diode is to prevent the passage of a high 
positive-going pulse back to the triggering circuit from the grid of the 
valve due to the presence of Co. 


The potentials of the supply circuits are chesen with respect 
to earth potential so that the output pulse to the modulator rises 
to a suitable value. Since this is normally not greater than earth 
potential the common negative supply line (shown connected to chassis) 
is usually several hundreds of volts negative. 


22. Single Valve Pre-Modulator 


A pre-modulator ‘circuit using a single valve only is shown in 
Fig. 621 together with the appropriate waveforms. The eireuit consists 
of a triggered blocking oscillator, modified by the addition of a delay 
network which determines the duration of the pulse’ produced. The anode 
end grid circuits 6f the valve are coupled together by means of two 
windings of a three-winding pulse transformer, and the output pulse is 
taken across the third winding. One end of the grid winding is f&onnected 
to an open-circuited delay network, the circuit to earth being completed 
via the resistance Ry, across which the triggering voltage is developed. 
The grid is normally biased beyond cut-off through the grid leak Ro. 


The circuit can be triggered by the leading edge of a positive- 
&0ing pulse of sufficient amplitude. This pulse is applied to a short 
time-consiant circuit Cz, - Ry, and the output is applied via the delay 
network and the grid winding of the transformer to the grid of the valve, 
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bringing the voltage above cut-off. Regenerative action then causes 
the valve to conduct heavily, a large voltage of polarity as indicated 
an Fig. 621 appearing across the grid winding. This winding now acts 
as a source of voltage which charges the delay network via the resis- 
tance Ry and the, grid-cathode circuit of the valve, the latter being now 
of low resistance because the voltage of the grid is positive with 
respect to that of the cathode. As the delay network charges a negative- 
going rectangular wave travels towards the open end, where it is reflet- 
‘ted without change of phase, On its return to the input end, the grid 
voltage falls and ‘the valve current is cut off. The output pulse thus 
dasts for the double transit time of the delay network. Damping 


OPEN CIRCUITED 
DELAY LINE 





TO MODULATOR 
Vo VALVE 





TRIGGER 0 j 
PULSE 


TRIGGER 
VOLTAGE 


b 
tb) t 


) 





d) 


Fige 621 ~ Single-valve pre-modnlator. 


resistors Rz and Ry across the windings prevent any appreciable 
ringing effects. While the valve current is cut off the delay net- 
work discharges relatively slowly through the circuit comprising the 
grid winding (in parallel with R3), Ro, the grid bias source and Rj, 
in the interval before the next pulse, 


The above description of the action of this citeuit is an 
idealised one, complications occuring in practice due to the trans- 
former characteristica. 


CHARGING DELAY NETWORK FROM STEADY VOLTAGE SOURCE 


23. Choke Charging 
If a delay network formed by n L-C sections, is charged from 
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a steady supply source through « resistor, the maximum network volt- 
age is equal to that of the supply. If a choke L (Pig. 622) is 
substituted for the resistor, an wnaplitude double that of the supply 
may be obtaincd. the efvective charging circuit then consists of a 
series resonant L=C combination. As shown in Sec. ll, the effective 
charging capacitance is nC. If the line is initially uncharged, 
application of the HI shocks the series L-C circuit into an oscillation 
‘of period 2NV WL. Assuming that the series resistance of the 
choke is negligible, the waveforms of the voltage vo across the line, 
the voltage vy, across the choke, end the current i flowing in the 
circuit are as shown in Fig. 622, ‘The we veforms illustrated in this 
figure, and in similar succeeding figures,are very much idealised, 
since in practice considerable ringing usually ovcucs from the oscilla= 
tory circuit formed by the choke (of the order of 1O(H)-and its self- 
capacitance, This ringing is usu-lly present during exch period 
imnuediately after the line is discharzed, The action is as follows;- 


At time t = O the condensers are considered to be uncharged, 
1.@. Vo = 0. Therefore, since vg + Vy, = “VR; 


initially vy = “VB; 
but vw = Ld; 
. di “‘_ -Vg 


oe OTTO, GEST F 5 re 


y, has its mximum negative value at t = 0; hence = also 
has its maximum negative velue at this instant. The value of i, 
however, is zero because L prevents an instantaneous rise 01 current. 
Hence, at t = 0, avg . Oe 


dt 





Fige 622 =~ Choke charging of Pig. 623 - Choke charging 
delay network. with hold-off diode. 


The circuit oscillates as shown by the waveforms of Pig. 
622, until a half-period, TV nCL has elapsed. 


If at this instant the switch § is closed, the delay net= 
work is discharged through the matched load and the line voltage is 
reduced to zero after the double transit time of lhe line. Hence if 
the pulse recurrence period is made equal to % V nck, output pulses 
of amplitude equal to the supply voltage Vp may be obtained. 
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When this condition is setisficd, we hive what is known as Resonant 
Choke Charging or DC Resonant Cherging. 


If the recurrence period is greuter than T™?vVncCL then the line 
voltage begins to-decrease before S is closed. The oscillations 
during the third quarter cycle are shown dotted in Fig. 623, The 
reduction in line voltage may be prevented by tne insertion between 
L and the line of a Hold-Off Diode (Pig. 624) which does not allow the 
current i to reverse, so that vg is main- 
tained at -2Vp (full lines in Fig. 623). 

HOLD-OFF DIODE. 

When the recurrence period is == 
jitt:.y,as for éxample when L 
a rotary spark gap is employed, its 


value should be made greater than “val nc 
KS nL, and a hold-off diode used. * 
Jitter does not then cause the line 


voltage to vary. 





Pig. 624. - Use of hold-off 
diode. 


24. Constant Current Charging 


If the recurrence period is less than KVnCL then the 
circuit takes several periods to reach the steady state, 


interval 1 


The condensers do not charge 
fully to -2Vp during the first period 
(Pig. 625). The current i is still 
negative when S is closed, not yet 
having fallen to zero. 


Interval 2. 


At the start, i has approx= 
imately the same value as at the end 
of interval 1. Therefore, the 
charging rate os) at the start of 


interval 2 is the same as at the end 
of the first interval, whereas at 
the start of that interval it was 
BELO. = is, however, the same 





at the beginning of intervals 1 and . 
2, because in each case Vg = O and Fig. 625 - Constant current 


y,=L di. -Vpe Consequently, charging of delay network 
ar (discharge assumed instantaneous). 


not only does the charging start 
at a higher rate than in interval 
1, but,at least initially, the charging rate Lnerecs:s with tine, 
The result of this is that vg atée.ns a much larger ( negative, ve.lue 
by the end of interval 2. This (negative) value may be 

(i) equal to, 

(ii) less than 
or (iii) greater than -2Vg , 


depending on the relative values of the recurrence periou ena ol 
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NVnCL. Fig. 625 shows the waveforms for case (ii). 


Interval 3 


(i) If vg reaches -2Vg by the end of interval 2, then the 
current flowing is the same at the start and finish ot interval 2, 
the conditions at the start of intervals 2 and 3 are the same, and 
the action is repeated. 


(ii) If vo does not reach -2Vp in interval 2, the current flow. 
ing at the end of interval 2 is greater than at the start of that 
interval. Therefore, the current and charging rate at the start of 
interval 3 are greater than at the start of the second interval and 
the (negative) value of vw reached by the end of the interval will be 
greater. 


(iii) If the (negative) value of vg is greater than ~2Vp, the 
current flowing at the end of interval 2 is less than at the start 
of that interval. Consequently the (negative) value of VG reached 
by the end of interval 3 will be less than at the end of the second 
interval. 


pucceeding Intervals 


The process is repeated, a steady state being re:ched when 
Vq attains the value of -2Vg at the end of each interval, When this 
occurs the values of i at the beginning and end of each interval 
become equal, and the current variation is a relatively small one 
about a constant level. It is from this fact that the term Constant 
Current Charging is derived. 


The actual value of the pulse recurrence period does not 
affect the steady state condition that vq = =2Vp at the end of each 
interval provided that its value is steady. Constant current charg= 
ing is not suitable for use with a jittery recurrence period. 


2. 8 trical Chargi 
3+ Symmetrical Charging a 
It has been shown that af | i 
by charging a delay network vw 
through a choke a pulse of ¥ 
= (a) 


amplitude approximately equal 
to Vp may be obtained. However, 
with the method described above, 
it is necessary for the delay 
network to be capable of with- 
standing 2Vp, since it becomes 
charged to this yoltage. This 
can be avoided by arranging 
that the voltage across the 
delay network swings equal 
amounts above and below zero. 
Fig. 626.({a) shows a circuit 
whereby this action may be 
produced. In this circuit 

the network charges rapidly 
during the intervals when 

the switch S is closed and 
discharges slowly through 

L while S is open. 





Suppose that the 
condensers of the delay 


pn Se a ae Fig. 626 = Symmetrical charging of delay 
network. 
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uncharged. When S is closed Vg is applied to the network, of 
characteristic impedance Ry, and the oscillator, of resistance Ry, 
in series (Fig. 626(b}). If Rg = Ry, a voltage $Vg appears across 
Ro, and an equal negative voltage across Ry. As the network 
charges a rectangular wave of amplitude aVpe travels along the line. 


The wave is reflected without change of phase at the open end and 
returns to the input end, the voltage across the line increasing to 
Vpe If Ro = Ry the wave is completely absorbed at the input end, 
the charging current falls to zero, and 5 opens. 


The Line now discharges through L (Fig. 627(a)). Consider 
ing first that the recurrence period is equal to KV » the voltage 
across the network swings from +Vg to ~Vpg during the discharge as 
shown in Fig. 626(c). The second time that 3 is closed, the effect- 
ive voltage acting in the circuit is equal to +2Vp (Fig. 627(b)), 
and if Ry = Ry the voltage appearing across the oscillator is equal 
to+ Vg. /s the delay network charges a rectangular wave of 
amplitude + Vp travels along the network, the voltage across the 
line changing from ~Vg to zero on the forward journey and from zero 
to + Vg on the return. The action is then repeated, 


If the recurrence period is less than NVrCL a constant 
current form of discharge builds up in the way described in Sec. 
2, and the voltage across the line again swings from + Vg to -Vg 
as for the resonant case, 


ISOLATING CHOKES 


3] 





(a) 


Fig. 627 - Equivalent charging Fig. 628 ~ Symmetrical 
(a) and discharging (b) circuits. charging of delay network: 
practical circuit. 

This circuit therefore generates pulses of amplitude equal 
to Vg without the voltage across the delay network exceeding this 
value, but in its present form neither side of the HT supply can be 
earthed. This disadvantage may be overcome by re~-arranging the 
circuit as shown in Pig. 628. The oscillator, shunted by a coil 
Lg, is inserted in series with the smoothing components Lj}, 0 , of the 
HT supply. The circuit comprising the HT supply, Lj and Gj, is 
completed by Lo during the intervals when the oscillator is not 
conducting. The Isolating Indu tances, L) and Lg, are both small 
compared with L, but are of sufficient inductance to act during the 
charging process as virtual open-circeuits. The action of the circuit 
is similar in every way to that described immediately above, the 
condenser C1 taking the place of the HT supply, the time-constant 
Cy (Ry + Ro) being very much greater than the pulse duration, 


26. TYPICAL SPARK GAP MODULATOR 


The circuit of a typical spark gap modulator is shown in 
Fig. 629. 


Valves 1 and 2 form a multivibrator, producing a 20- 
microsecond pulse output, which is fed to the grid of the trigger 
valve, valve 3. This valve is normally biased beyond cut-off, but 
is brought into heavy conduction by the positive-going 20 microsecond 
pulse. On the trailing edge of this pulse, valve 3 is cut-off, and 
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MULTIVIBRATOR 
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TRIGGER UNIT 
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HEATER 
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————} 












PULSE -FORMING 
NETWORK 







OVERSWING 
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Pig. 629 - Typical spark-gap modulator. 


its anode circuit rings, the first positive-going swing being of 
large amplitude, This is used to trigger the spark gap, which 
discharges the delay network. The lemicrosecond pulse so formed 
is fed to the magnetron via a matched connectimcable, and a step- 
up pulse transformer. The latter matches the cable to the load 
presented by the magnetron when conducting, and converts the pulse 
from 4kV, 40A to 16kV, 10A. The delay network is charged through 
a choke from a voltage doubler power pack, 


CHARGING DELAY NETWORK FROM AN ALTERNATING VOLTAGE SOURCE 
27. Advantages of Alternator Charging 


Although it is simpler to charge a line modulator from a 
source of steady voltage, there are definite advantages to be 
gained from the use of an unrectified alternating supply. The 
principal advantages are:~- 

(i) No high voltage recitifer is required. 

(ii) No high voltage smoothing circuit is needed. 

(iii) The high voltage transformer need not be so large. 

(iv) A hold-off diode is unnecessary (see Sec. 23). 

(v) The maximum HT voltage is developed across the line 

for only a small fraction of the recurrence period, 


This helps to ensure that the transmitter does not 
oscillate except when required. 
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These advantages considerably reduce the bulk and weight 
of the modulator unit. However, this method of charging is usable 
only if the alternator frequency is constant within narrow limits. 
This frequency is also the recurrence frequemy of the output pulses. 


28. The Charging Circuit | 


Fig. 630(a) shows a simplified diagram of a circuit for 
charging a line modulator from an alternator. The line discharging 
circuit (b) is conmmected between A and B. While the discharge valve 
is not conducting AB is open-circuited, and, to. the alternating volt- 
age of the frequency normally used, of the order 500-1000 c/s, the 
impedance of the line to the right of AB is a small capacitance C. 
The input impedance of the line transformer Ty may then be shown to be 


approximately a where mis the step-up ratio of the trans- 
ie ; 


former andw= 21 f,, f, being the alternator frequency. This 
result neglects the magnetising inductamee of the transformer. A 
more accurate result gives the input admittance of T, as the sum of 


the susceptances of the magnetising inductance and of the input 
capacitance m“C. 


BERR t edance of Transformer when load is a small 
Capacitance 


The input impedance 2 of the transformer T, terminated 
in C is given by 


2 
&, = jol, +2 a » (see Chap. 1 Sec. 20) 





where L,, Ly are primary and secondary inductances respective- 
iy and M is the mitual inductance between primary and secondary windings. 


Ideally, wl >, we == Ly Ip, ana 2 = a where m is 


the transformer step-up ratio. 
The equation for z4 simplifies as follows :- 


a, Se gor, - 1a _ 
Stead 
2. 
jot - Loe __ 
WL (1 - =) 
w ote 
% Jul, - Jol, (1+ oa ) 
w 
2 
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_ Hence the transformer, when terminated in C, "looks like" 
@ capacitance mC. 





L=CHARGING INDUCTANCE + LEAKING INDUCTANCE 
RG=GENERATOR OUTPUT RESISTANCE + RESISTANCE OF PRIMARY CIRCUIT 


(a) 






DISCHARGE 
VALVE 


(s) 








Vv 





(b) (c) 


Fig. 630 = Alternator: charging: basic 
‘ ciroults. 


29. The Equivalent Charging Circuit 


Neglecting the magnetising inductance of the transformer 
we may represent the charging circuit by the equivalent arrangement 
shown in Fig. 630(c). 


When the switch S is closed the line discharges through the 
oscillator load Rye This discharge action is described in Chap. 4, 
Sec. 12. For a resistive load the line may be assumed to be 
completely discharged in a few microseconds, even if it is not properly 
matched to the load. So far as the low frequency charging circuit is 
concerned, this discharge may be considered as instantaneous, and may 
be represented by the momentary’ short-circuiting of the terminals AB 


(Fig. 630(a)). 


In the case of a magnetron load, and in some other instances, 
an overswing generally occurs. The reasons for this overswing, and 
its effeot, are discussed later; for the present it is assumed that 
the line is discharged completely during tne momentary closure of the 
switch § (Fig. 630(c)) representing the firing of the discharge valve, 


30. fransients Due to Line Discharge 


The closure of the switch § (Fig. 630(c)) reduces the imped- 
ance across the effective line capacitance m@C to zero (the justifica- 
tion for this may be found by putting zero in place of 1 in the 

we 
analysis given in Seq. 28). The corresponding input voltage Vo also 
becomes zero. Since the short=circuiting is only of momentary dura=- 
tion no appreciable change in current occurs in the primary circuit 
during the discharge of the line, the time constant L_ being much 

R 

G 

greater than the duration of the discharge. 


An interval follows during which the circuit passes through 
a transient state and, in the absence of further irregularities, tends 
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gradually towards the steady state, or normal AC working comition. 


In the actual circuit this steady state is never reached, but 
for ease of explanation it will be assumed in what follows, in the 
first instance,that the switch is closed once only, when the line volt- 
age is at any portion of its steady state conditicn (Fig. 631). 

Later it will be described how the line voltage is maintained in a 
condition little resembling a steady sinusoidal fcrm, 


3l. Graphical Derivation of Transient State 


The manner in which the line voltage returns to its steady 
state after a single momentary discharge is illustrated in Pig. 63l(a). 
This picture is derived as follows, 


The steady state voltage across mC (Fig. 630(c)) is 
indicated by the full curve from 0 to EB and from then on by the dotted 
curve. It is to this steady state that the transient conditions 
ultimately return. The actual voltage vg is shown by the full line. 


When tne line is momentarily discharged (E) vg falls to zero 


‘ a ay 
(F). The line current given by i = p@¢ ~# 
‘ avg ; 4 
is unchanged, sco that “ie” Peis whe same ve ue inmedi«tely after the 


discharge as it had Immediately before. The gradients of the pre- 
discharge and post-discharge curves at E and F respectively are there- 
fore the same. 


The resultant line voltage after the discharge may be 
obtained by adding to tne steady state solution (dotted curve Pig. 
631(a)) the appropriate transient (Fig, 631(b)}. (This corresponds 
tothe addition of the complementary function (transient solution) to 
the particular integral (steady state solution) in the solution of 
the linear differential equation of the system). 


Yo obtain this appropriate transient, first draw the 
characteristic curve of the response of the series ringing circuit, 
formed by Rg, L and mC, to a-sudden change in input voltege. This 
is illustrated in Fig. 632(a). This curve is one of an infinite 
sequence of curves, some of which are shown in Fig. 632(b). From 
such a set of curves choose the one which satisfies the conditions, 
i.e. having the right magnitude and slope. 


In the case illustrated in Fig. 631 the initial mgnitule 
is equal to EF, its value is negative, and the initial slope is 
zero. It is this curve, starting from the point H, where it meets 
PQ (Pigs. 632(b) and 631(b)) which is the correct transient for the 
case considered, When this is added to the steady ctate solution 
(Fig. 631(a)) the resultant amplitude (zero) and gradient (shown at 
E and F} are in accordance with the intial conditions. 


The resultant curve is thus obtained (fill curve, Pige 


631(a)). 
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Pig. 631 = Transient effect of short- 
circuiting the transformer Ty 





(b) 


Pige 632 ~ Determination of the 
correct transient. 


32, Normal Transient Conditions 


In practice 
the circuit is not 
allowed to return to 
the steady state, The 
line discharge valve 
is triggered each time 
the line voltage 
reaches a maximum and 
the voltage vg varies 
as shown in Fig. 633. 
Since the voltage is 
&@ maximum the current 
i = mc dvo is zero, 








both immediately 


before and immediately STEADY STATE VOLTAGE © TRANSIENT VOLTAGE — RESULTANT VOLTAGE 
after the discharge, 
The transient curve 
which must be added 


Fige 633 - Line charging curve. 


to the steady state 
curve to give vo must 
therefore satisfy the 
following conditions;~ 
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(i) It must have the same magnitude as the steady state volt- 
age at the moment of striking (t = 0) and be of opposite 
polarity. 


(ii) It must*have a gradient equal and opposite to that of the 
steady state curve at t = o. 


(iii) When it is added to the steady state voltage the result~ 
ant must have a maximun value at t = 1, where fg is the 
fa 
alternator frequency. 


After t = 1 the line discharges again and the cycle 
fa 
repeats (Fig. 633). 


The form of the line voltage depends chiefly on the ratio 
fr/ fa» where fy is the natural frequency of the series resonant 
circuit formed by Rg, L and mC. The optimun value for this ratio 
is dealt with in sec. 34. The value fn = O*7 is usually chosen, 

Ta 
and this is the value used for the charging curve of Fig, 633, 


33. Effect of Overswing 


if for 
any reason an 
overswing occurs 
(see Sec. 35) the 
"initial" voltage 
Vo immediately 
following each 
discharge of the 
line is not Zero, 
but is -kvg,where 
A . 
vg is the value 
of v, imnediately 
before the dis- 
charge and k is 
the overswing 
ratio. This 





ee ee Pig. 634 ~ Effect of overswing, showing good 
changed fron regulation (f,/f, = 07). 


that of Pig. 

633,a8 indicated in Fig. 634. The instant at which the line discharges, 
relative to the alternator voltage (or to the steady state voltage at 
the line transformer) changes so that the new conditions are maintained 
for each discharge of the line. The phase angle at which the line 
discharges relutive to the alternator, is called the Angle of Fire. 

A chance in the ovecswing ratio k thus causes a change in the angle of 
fire, as shown in Pig. 634. A small overswing is advantageous in 

the case of most transmitters, as this holds the transmitter valve 
supply voltage at the opposite polarity to that required for oscilla~ 
tion, and facilitates a rapid dying avay of the output pulse. It is 
possible, however, for oversv.ing to cause the line voltage to acquire 
dangerously large values. 


34. Choice of the Ratio fYea 


The effect of the ratio fof upon the cuarging curves is 
complicated and may be divided inte three parts;~ 
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(i) It determines the angle of fire and the shape of the 
charging curve, i.e. the form of the line voltage. 


(ai) It determines the ratio of the line voltage to the alter~ 
nator EMF, since.this depends on the frequency of operation 
fa in comparison with the resonant frequency 1, and 

an 
this is very nearly the same as fy. In general,operation 
near resonance means that only a small alternator EMF is 
required. 


iii) It affects the reaction of the circuit to overswings. These 
may occur through the normal operation, in which case they 
are expected and can be allowed for, or they may arise 

‘through abnornal loading conditions, such as a flash-over, 
or an open-circuit due to faulty connection. Tne effect on 
the line voltage of an overswing determines tne Regulation 
of the circuit. If the line voltage increases considerably 
wnen an overswing occurs the regulation is said to be poor. 


The various values for f/f between O and 2 are divided 


into five sections as under:- 

to fa Remarks 

(a) O - O%5 Requires large alternator EMF 

(b) 0°5 = 098 Optimum conditions 

(ce) 0-8 - 1-3 “Poor regulation 

(4) 1e3 - 16 Good regulation but charging curve less 
favourable than that of (b)(see Fig.635(a)). 

(e) 1°96 = 2°0 Tli-shaped charging curve, poor regulation, 
large alternator EMF. 

Fig. 635 illustrates some of these points. 
“% 






kro 2 


Fa ah ea 


) Mens Gre, (teeny Piide 635 = ne 
charging curves. 





fh/s. « k=O (RESISTIVE LOAD) 
(b) 8/ta= 0 44 ku 2 ee LOAD) 
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35. Causes of Overswing 


Wnen the output from a line=modulator is used to pulse a 
magnetron it is unlikely that the whole of the energy of the modul- 
ating pulse is absorbed by the transmitter. This is particularly 
so if the pulse shape departs markedly from the ideal rectangular 
form, causing the magnetron impedance at the beginning and end of 
the pulse to change so that the line is mismatched. This may 
cause the line to reverse its polarity (see Chap. 4, Sec. 12), 
subsequent reversals being prevented by the cessation of ionisation 
in the discharge valve(assumed soft). 


If the load becomes short-circuited, the tendency to over= 
swing depends on whether spark gaps (unpolarised discharger valves) 
or gas-filled triodes (polarised discharger valves) are used. In 
the former case the line energy would probably) be rapidly absorbed 
by the spark gap and other circuit elements during the oscillatory 
discharge, and dissipated as heat. In the latter case the valve 
would probably open=circuit following a complete oversing (k = 1) 
so that the charging curve would be considerably modified. 


if the line is open-circuited so thet the discharger valve 
does not operate the transient state never develops (k= 1). If, 
however, a pulse transformer is used between the Line and the trans- 
mitter an open-circuit at the transmitter means that the cable dis= 
charges through the magnetising inductance of the pulse transformer, 
with considerable dissipation of energy in the transformer core. 


36. Method of Triggering Discharge Valve 


Pig. 636 shows a method of triggering the discharge valve 
at each instant when the line voltage is a maximum. The current 
i through the primary winding of the transformer T), represented by 
mC in Fig. 630(b), is given by the relation 


avo 
i = mo at 





Hence when v, is a maximum i is zero, This curvent is caused to 
flow through the primary winding of a peaking transformer To 

(Fig. 636(a)}. This is a transfomer with a small iron core which 
saturates for small values of primary current. The variation of 
flux corresponding to the primary current (Pig. 636 fr»)? is shown 

at (c) and the secondary EMF is indicated at (d). MF cc rate 
of change of primary flux). ‘he output voltage Vp developed across 
the secondary winding of this transformer is thus of a form suitable 
for triggering the discharge valve at the instant the line voltage 
reaches a maximum, 
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(a) 





Ve is A MAXIMUM 





PEAKING 
TRANSFORMER 
FLUX 


(c) 


(d) 
° t 
Pig. 636 - Derivation of triggering pulses for 
discharge valve. 


VULTAGS MULTIPLYING CIRCULIS 


37. General 


It is often necessary to avoid the use of high voltage 
supply circuits by employing voltage multiplying devices. One such 
device, the pulse transformer, has already been described. Other 
methods, involving the use of more than one pulse-forming network, 
are described below, They operate on the principle of being charged 
in parallel from the same supply and, by means of synchronous switches, 
discharged in series with the load. The Marrcircuit is described in 
schematic form only. The Blumlein circuit, which is a derivative 
of the Marx, is dealt with more fully because its application in radar 
transmitting circuits is already established. 


38. The Marx Circuit 
The Marx Circuit is illustrated in Pig. 637. 


Cy, Co eee Cy represent the charging capacitances of n 
ee networks. When the switches $1, So, 83 eseee Sy Bre open,- 
Ci, ¢ eeece Cn are charged in paraltel ¢ Froik the sup ply (assumed, 
ror etree to ea steady voltage source) through the charging 
choke L and the isolating chokes Lj, Lo, L3 etc. The inductances 
Li, La, Lz etc. are all small compared with L and to a first 
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approximation their effect on the charging process may be neglected. 


If all the switches 5, Sj, Sy etc. are closed simultaneously, 
with the networks thus charged, 
the latter are insvantaneously 
connected in series and 
commence to discharge through 
the load, . Frovided each 
inductance is >> Cp Ru’, 
where Op is the total effect~ 
ive capacitance of Cy, 02,.... 
etc. in series, it has little $1 


N So h Ss / or 

effect on the discharge, which Sn 
takes the path of short time~ c c cs Cn Cy 
constant Op Ry in preference e o = ee 


to that of the long time- a. bens 
constant Lp, (Lp is the total Pige 637 - Marx oi ‘. 










C L L L L 


effective inductance of Lj, 

Lo etc. when the switches are 

closed. Thus the lines are charged in parallel and discharge in 
series with the load. The discharge is similar to that of a 
Single line of characteristic impedance equal to the sum of the 
characteristic impedance of the individual lines i.e. n Rg, and 
charged to a voltage n x (the voltage on a single line). The 
inductances Lj, La etc. are usually made equal and intermediate in 
value between the total series inductance of each line and the 
inductance L of the choke, 


The switches §, S 1, etc. may vake the form of triggered 
spark gaps or gas-filled triodes. The principal disadvantage of 
this method arises from the difficulty of synchronising the switch=- 


ing. 
39. Blumlein Modulator 


The derivative of the Marx circuit most commonly employed 
in Service radar is the Blumlein modulator which employs two delay 
lines. 


fo avoid the difficulty of triggering simultaneously the 
two switches necessitated by the Marx circuit, this variant was 
designed to operate with a single spark gap. 


The basic Blumlein circuit is illustrated in Fig. 638. 
The lines are charged in parallel with the switchs open. During 
the discharge the generator is isolated from the network by the 
choke L and will be ignored in the subsequent znalysis. 





MAGNETRON 
(i-e) (-v) 2e(-v) 
—_— c — 
[ Ro Ru 
7 Mover | R frac 
-2 t 
c! B' 
Boars ~ _e 
CHOKE kay Ryt2ho 
7 LINE 
CHARGING 
), GENERATOR Fige 639 = Equivalent circuit showing 
a voltage developed across the load 
by a wave (-V) arriving at the 


Fig. 638 - Blumlein circuit. termination Cc'. 
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Suppose that the two lines arc of identical construction, 
lossless and with characteristic impedance Ro, und transit tie T. 
The w.egnetron load M has resistance Ry to a pulse of the right volt- 
age and polarity to ensure that it oscillates correctly. Let the 
lines be cherged to a voltage V when the switch 3 is closed at 
t= 0. This closure short-circuits the line CD so that a wave of 
mvnitude -V trevels towards C. This divides at C into three 
parts;= 


(i) a fraction @ is reflected towards D. 
(ii) a fraction 2¢ is developed across the load, 


(444) a fraction i-e is developed across the input to 
the line BA. 


Thus immediately after the arrival of the wave at C, the 
voltages developed across the respective terminals due to the wave 
are as shown in Fig. 639. This result my be derived by the method 
indicated in Chap. 4, Sec. 9. The value of e is given by 


ee Ry + Ro ~ Ry = Ry ‘. 
PM + Ry + Ry RM + 2R, 


The sequence of waves and load voltages is illustrated in 
Fig. 640. It is assumed that the switch remains short-circuited 
throughout the action. 


For a wave travelling from A to B, the division at BB’ is 
as follows;:= 


(iv) a fraction @ is reflectea towards A, 
(v) a fraction -2@ is delivered to the load. 


(vi) a fraction l- eC is developed across CC!, 


[The reversal of sign of the voltage delivered to the load, 
compared with the former case of the wave travelling from D toc, is 
due to the fact that 
it is necessary to 
have a uniform sign DISTANCE ALONG BA DISTANCE ALONG CD 
convention for the (@FeN-ciRCUT) — ce Ae D GHORT CIRCUIT) 
voltage across the CA= +1 eo =~) 
load. If this is 
positive when 
approached from D 
it is negative when 
approached from A. 7 
Thus a pulse of 
magnitude 2eV is 2 d-pG-Dv 
developed across the PMttep-ny 
magnetron at the 
instant t =T. This 
pulse must be main- 
tained at this 
magnitude until 2¢ -2—v 
t = 3T, by which 
time the waves 
travelling along the 
ie gaol Fig. 640 = Action of Blumlein modulator. 
reflections and the 





[Loan VOLTAGE 7 
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wave fronts will have returned to the load, 


The figure shows the passage of various wave fronts along 
the lines, suffering simultaneous reflections at the ends 4 andD, 
and returning to B and C, where fresh pulses are developed across 
the load, The load voltages are indicated by the vertical lines. 
The amplitude and polarity of the various waves are indicated by the 
symbols written on the appropriate lines. 


Reflections at the short-circuit D involve a sign-reversal; 
at the open-circuit A there is no change of polarity of the reflected 
wave, 


Further, the 
values shown in the Vy 
diagram are increment J i Boe fae oR nee. ate Ww 


al values, Thus at = 
t =T a pulse ~2eV | | 
is developed across the apl2g-iX-¥}|-—--4----------_4-____-_____. 


transmitter, The 
increment +2 PV at 

= 37 raises the load 
voltage to -2eV + Zev 
= O at which value it 








remains for a further SME es 

interval 27, and so on, 

The load voltage is 

illustrated in Pig. Fig. 641 - Load voltage: (the second 
641, This ideal pulse is positive if 9 <0°5; i.e. if 
form is not likely to Fy <2Roe 


be achieved in 

practice because of 

changes of the magnetron impedance due to the non-rectangularity of 
the applied pulse, unwanted reflections, etc, 


In the Blumlein circuit the magnetron is matched to the 
network when Ry = 2o. In this case, provided the pulse were 
perfectly rectangular and the magnetron impedance when oscillating 
were constant and cqual to Ry the lines would be completely dis- 
charged after time t = 3T from the instant S is closed. 
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CHAPTER 15 
NOISE 


1. INTRODUCTION 


The general term Noise covers all undesirable electrical 
disturbances, either externally or internally generated, which tend 
to mask the clear reception of signals. In conmunications noise is 
often referred at as "mush", and in radar, by virtue of the appear- 
ance of the trace it produces on the screen of a CRT, as "grass". 


Noise may first be divided into two general classes:- 
(i) Avoidable noise 
Examples of noise sources within this category are:- 


(a) "Man-made" static arising from generators, ignition 
systems, etc. 


(b) Faulty contacts in receivers. 
(c) Poor quality resistors in receivers. 


Avoidable noise is not considered further, since it is 
obvious that no theory or general prediction can be made 
in regard to such noise. These effects can be minimised 
by improved manufacture, use of high-quality components, 
systematic servicing, satisfactory weather protection, and 
care in the siting of equipments. 


(42) Unavoideble noise 
This noise may be divided into two sub-classes:- 
(a) External noise 


Atmospheric noise, chiefly due to thumerstorns, 
signals from whose discharges may be propagated over 
very great distances, Radiation of cosmic origin. 


(b) Internal noise 


This class of noise covers all noise generated within 
the receiver, after exclusion of all avoidable internal 
noise due to bad contacts, ete; and in addition 
includes thermal noise generated in the aerial. 


The subject matter of this chapter is mainly concerned with internal 
noise. 


2. SIGNAL-TO-NOISE RATIO 


Noise, from whatever source, after passing through the 
detector stage of a receiver presents itself on the time-base of a 
CRT as a ragged but very characteristic signal deflection, extending 
across the screen with more or less uniform amplitude (Fig. 642). 
Cn many types of display (e.g. meter), noise appears as a random 
variation of the position of the indicating device (pointer, electron 
beam, etc.) whose instantaneous position at any given moment of time 
may vary between wide limits, but which has a more or less clearly 
defined mean amplitude over any appreciable time interval. 
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In any element of a 
receiver the noise in the 
absence of signals has a 
certain mean power, and the ; 
Signal in the absence of 
noise presents an average \ j 
power for its duration. 

Calling these powers Noise 
Power and Signal Power res- 
pectively, then the ratio of 
signal power to noise power 
is called the Signal-to-Noise 


Ratio at that point in the : 7 
receiver. Figs 642 = Signal end noise 
at CRE (A-type display). 


RECTIFIED 
SIGNAL 









RECTIFIED 
NOISE 


RECTIFIED MEAN 
NOISE DEFLECTION ~ 


Fig. 642 shows a 
typical A-type Display. As 
a useful guide it may be noted that a pulse signal is just dis- 
tinguished on such a display by its amplitude rising above the 
noise level when the signal~to-noise ratio just prior to the 
detector of the receiver is about unity. If the ratio could be 
examined at previous points in the receiver (and in particular at 
the input to the first stage), it would be found that the ratio 
would increase as the input stage was approached. In the case of 
a centimetre equipment a ratio of signal-to-noise of between 25:1 
and 100:1 mst be present at the input for unity ratio just prior 
to the detector, In other words, to achieve a just distingutshable 
indication of signal on an average A-type display it is necessary 
to inject a signal power of 25 to 100 times the noise power existing 
at the input to the first stage. 


3. INTERNAL NOISE 


The sources of internal noise at presert known to occur in 
normal circuits may be broadly divided into the following classes:- 


(i) Thermal, Circuit or Johnson noise, 


4 


(ii) Valve noise:- 


a} Shot or Shrot noise. 
b) Partition or Division noise. 

ec} Induced Grid noise. 

There is good reason in radar for confining attention to this 
internal noise since at frequencies above about 70 Mc/s man-made 
static and atmospheric disturbances are both negligible in comparison 
with unavoidable internal receiver noise. From this point the term 
noise implies this class of receiver noise, bearing in mind that the 
use of the word unavoidable does not mean that there can be no 
improvement, but that with a given design using first class 
components, ideal contacts, etc., there is a theoretical minimun 
noise which can be computed for the circuit. 


ye THERMAL NOISE 


In an unenergised conductor the "free" or conduction 
electrons move about in a random manner, although over any reasonably 
long time-interval their mass centre remains fixed, At any instant, 
however, a prevonderance of electrons is moving in one direction 
alon: the conductor, constituting a minute current whose mean value 
is zero. This current fluctuation must ve associated with a corres- 
vonding, ninute voltage Pluctuation across the ends of the conductor, 
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whose mean value is also zero, To provide a measure of such 
fluctuations in all cases it is usual to compute the mean square 
value of the fluctuations about the average value (if any). 


It can be shown that the mean square noise current in a 
circuit consisting of a short-circuited resistor of R ohms is 
given by:- 

"2 


Las 
a ee AL’ siacdiere e's eae eis Wee Se Oe ee eae (2) 


% 
where k is Boltzmann's constant = 1°37 . 10723 joules/°K 


T is the absolute temperature of the resistor in “Ee, 

Af. is the frequency range considered, in cycles/sec, and 

2 . \2 

ig is in (amps)*. 
From the above result it follows that the mean square open-circuit 
noise voltage generated by a resistor of R ohms and measured by an 
instrument of bandwidth Af is given by:- 


ve = UR KT aft eeevoeoeoesaeeeaeesvneetreorgesane (2) 
and if the same units apply, ve is in (volts)*, 


As a general result it can be shown that, for any circuit 
consisting of ohmic resistors, coils and condensers, if the resis-- 
tance (dependent on frequency) measured across any two terminals is 
R(f£), then the total noise voltage generated across these terminals 
is given by:- 


° 


ve = f, he RP) eKSeOf aniviwdedess wea (3) 


a 7 
= (noiseless) ig 





R = Ger 
(nolsy) ar! ~~ Ske (nolseless) 
n 
——~ =KR =e —— 
(a) 
® G,+6,) 
(noiseless) 
(nalseless) 
(b) 
A on —— 
L — = 
ee — ik Gq 
ic = KG, (nolseless) 


(noiseless). 


. vi =KR 


Fig. 643 = Equivalent circuit representations for thermal noise 
sources. 





% Oy indicates "Kelvin, signifying the use of the Kelvin or 
Absolute temperature scale, with zero at -273°C. 


619 


Chan 15, Sect4,5 


If the bandwidth accepted by the measuring instrument is 
limited to Af, and the resistance can be considered as constant at 
a value R over this range of frequencies, then:- 

ve = 4RKTAf 
as obtained above. The circuit representation, in this case, is 
shown in Fig. 643(a). For convenience we denote 4kTAf by K. 


When the current-generator equivalent circuit is used, it 
is sonetimes more convenient to work with the conductance G rather 
than the resistance R ef the resistor. 


If the circuit consists of two resistors of resistances PF. 
and Rp connected in parallel, the effective short-circuit noise 
current as measured by an instrument of bandwidth Af, is given by:- 
X 


To 
in =k (Gy + Go) RO COCR arene eeseeeeseoee (4) 
The equivalent circuit representation is shown in Fig, 643(b). 


Consider the case of a high-Q tuned circuit (Fig. 643(c)), 
for a small bandwidth Af near resonance. The effective open-circuit 
reise voltage appearing across AB, due to the resistance R in series 
with L is given by:- 


Wa = Q? . ve (where we = KR) 


—e 
e 


» + Vag 2, 7.KeR. 


+ 


But Rq = Dynamic resistance of tuned circuit = Q°.R -& 
e 8 van =, K/Ga SCH ee aeseEOenesreseesteeonenesesee (5) 


Thus, near resonance, the dynamic resistance of the tuned circuit can 
be regarded as generating thermal noise. (This is a particular case 
of the general result quoted above (equation 3)). 


It is described in Chap. 17 Sec. 11 how an effective 
radiation resistance can be attributed to an aerial. This radiation 
resistance is quite apart from the small, but inevitable, resistance 
due to the imperfect conductivity of the conductors which constitute 
the aerial. In calculating the performance of a receiver for 
amplifying signals from an aerial, the question arises as to what 
value of noise should be attributed to the radiation resistance of the 
aerial. It may be shown that if an aerial of radiation resistance R, 
is confined in a uniform temperature enclosure, the aerial behaves, 
for noise considerations, as a resistor of value R, producing thermal 
noise fluctuations. That an actual aerial is not in this state is 
self-evident. However, for lack of a convenient alternative in 
evaluating the noise in a cireuit, it is usual to assign to the aerial 
a mean square noise voltage of KR,» (where K is normally evaluated at 
room teuperature), in series with the radiation resistance of the 
aerial, This formula yields results which are sufficiently accurate 
to be used in practical applications. 


SHOT NOISE 
5. General 


In any valve the emission from the cathode, because it 
results from the irregular departure of a large number of discrete 
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units (electrons), has a random nature. Consequently, there are, 
superimposed on the mean current through the valve, fluctuations 
which constitute noise. This type of noise is called Shot Noise. 


6. Diode Operating Under Temperature-Limited Conditions 


The simplest case for consideration, in connection with 
shot noise, is the temperature-limited diode. The general concept 
of a valve working under temperature~limited conditions implies that 
all the electrons after emission proceed immediately to the anode 
independently of one another. Analysis shows that, with a diode 
operating under such conditions, the mean square noise current due 
to the shot effect when anode and cathode are effectively shart- 


circuited is given by:- 
a2 =2e. Te Af cecccensnccesesaccess, (6) 


where e is the magnitude of the eleotronic charge = 1°59 . 10719 


ceulonbs; 
I, is the mean current through the valve in amperes; 


Af is the band-width under consideration, 
and “5 is in (amps)*. 
an 


7- Diode Operating Under Space-Charge Limitation Conditions 


In practice valves are seldom used in their temperature- 


limited condition. The operating voltages are such that the 
electrons are not drawn off to the anode immediately after emission 
from the cathode, but a space charge is built up in the inter- 
‘electrode region in the form of an electron cloud, 


Under temperature-limitation conditions, and assuming that 


POTENTIAL 


(a) 


y; i 
K ———L—»- DISTANCE 
CATHODE PLANE ANODE PLANE 


TEMPERATURE~ LIMITED 


(b) 





DISTANCE 
ANODE PLANE 


' 
‘PLANE P 


CURVEI ONSET OF SPACE-GHARCE LIMITATION 
CURVEIZ CONSIDERABLE SPACE-CHARCE LIMITATION 


SPACE~ CHARGE~ LIMITED 
Fig. 644 ~ Potential distribution in anods-cathode space for a 


diode a) temperature limited 
b) space-charge limited. 
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the electrodes are plane and parallel, the potential distribution 
between the anode and cathode of a diode has the form shown in 

Fig. 644{a). Under a state of space-charge limitation there is 
electron interaction in the valve and it may be shown that the 
potential distribution has a minimum value in the inter-electrode 
space (Fig. 6l(b)). Referring to curve II, near the cathode there 
is a region in which the field is directed towards the cathode, and 
between the cathode and anode there is a plane at which the potential 
is a minimum, Between the potential minimm and the anode, the 
electric field is directed towards the anode. It follows that, of 
the electrons emitted from the cathode, only those which have a 
component of velocity normal to the cathode sufficiently great to 
carry them past the plane P can ever reach the anode. The remaining 
electrons do not reach the anode, and thus the total anode current 
may be considerably less than the emission current. 


Consider briefly how space-charge operation affects the 
shot noise in the current flowing in the anode circuit of the valve. 
The emission of surpius charge will momentarily inerease the space 
charge and therefore ‘depress the potential minimum. Consequently, 
certain electrons which would otherwise have had sufficient energy 
to overcome the potential barrier are now unable to do so. Hence 
the emission of electrons from the cathode, in any small time-interval 
&t, at a rate greater than the mean rate of emission, decreases the 
probability that electrons in immediately succeeding intervals will 
reach the anode. Thus the electron stream is to seme extent ordered 
by the influence of the space charge, and we should therefore expect 
the mean square value of the fluctuating component in the anode 
current to be lower in the case of a valve operating under conditions 
of space-charge limitation than in one operating under conditions of 
temperature limitation. The reduction is expressed by a dimension~ 
less factor T2 (or less commonly by F2 or A) whereT?2 is known as the 
Space-Charge Reduction Factor. Under conditions of space-charge 
limitation, the mean square short-circuit noise current of a diode is 
Ziven by:- 


32 _ 2 
in = 2.e.1,T Af Pere H eee oeeeseHeseeseees (7) 


A typical value of r2 » vor modern valves working under normal con- 
ditions, is of the order of xs" 


The value of T? for a diode depends on the values of the 
mean valve current Ig, the cathode temperature T,, which controls the 
peneeton current, and the anode slope conductance of the vaive 
(Ga = +/Rq) which gives the ratio of a change of anode current with 
respect to a change of gugde sethets voltage. A comprehensive 
analysis gives a relation betweenT? and the factors Ig, Ty and G, 
which is illustrated by the graph of Fig.645. In this graphT 2 is 
plotted against:- 

Ia.e 


Gaek. Ty 
where e is the magnitude of the electronic charge (1*59 x 1071? epulombs), 





k is Boltzmann's constant (1+37 x 107°) Joules/K), 


and Ty, G, and I, are expressed respectively in °K, mhos and amps. 
This parameter reduces to:- 


11°6 . I, » 1000 
Ga- Ik 


The analysis and the relation illustrated in the figure are valid 
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only for a relatively, high degree of space-charge limitation, 
However, the condition of a high degree of space-charge is generally 
realised with modern valves, in particular those with oxide~coated 
cathodes under normal operating conditions. 


An examination of the figure shows that the curve forT? 
bears a considerable resemblance to a rectangular hyperbola over 
the greater part of the range. Assuming that tae curve is of this 
character, it follows that:- 


re. ae = constant. 
ae ea 


ore at. « & 
LGa.KeTy 


If we write 6 = 


we obtainT 2 = 'Ga-k.T,.8 Ore eso sesesereserenesee (9) 
ala + € 


© has been plotted for 
various values of 

ta+ © andl? in Pig.645, 
Gaek. Ty 

and it can be seen that 
over the useful range {|__| aibcie 
(i.e. except for very open 
small currents) it is Lif [Asvuproric| o 6438 | 
almost ideally constant, 
with an average value 
of about 0°65. 





The analysis 
givesT2 and @ for the ark Be 
region between the dotted © [0 20 30 40 60 6079 809000 Ca kk 
boundaries of Fig. 645. 2 
For the region on the Fige 645 ~ Graph of T * and 9 plotted 


extreme left analysis is 11.6 1000 ; 
complex whilst for the against aan — for a diode 


region on the extreme a Te 
right the condition on bag bya Pateaca tae of space- 


Which the analysis is 
based, i.e. a high degree of space-charge limitation, does not hold, 


It has previously been stated that the mean-square noise 
current in a diode workinp under space-charge limitation conditions 
is given by:- 


ae = 2e.I,0%.Af 
ReplacingT? by its value obtained from equation (9) we have:- 

ig = hk (O.Ty) GgeAP secceccesesscseese (10) 
This last equation is identical in form with a thermal noise formula, 
and therefore the shot noise in a diode working under space-charge 


limitation conditions can be considered formally as thermal noise 
generated by the diode slope conductance Gg at a modified temperature 


6 Tr. 
8. Negative-Grid Triode Under Space-Charge Limitation Conditions 


The transition from a diode to a triode may be considered 
as a process of inserting grid wires at the desired distance from 
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the cathode. A new space-charge distribution will result which, 
for sufficiently close grid spacing, will be sensibly uniform 

over the grid~plane. If, therefore, relatively high-mu valves 
(close grid spacing) are considered, the analysis for the diode may 
be extended to tricodes. If the grid is sufficiently negative, all 
electrons which surmount the potential barrier in the cathode-grid 
space pass through the grid structure to the anode. Thus the 
current through the grid structure is identical with that reaching 
the anode. A fictitious collector plate, at some potential, could 
be placed in the plane of the grid such that it would collect the 
game space-current as previously passed through the grid structure. 
If it is feasible to neglect the effect on the space-charge barrier 
of electrons in the grid-anode space of the tridde, then the diode 
suggested above would, for noise considerations, be a truly 
equivalent diode. For a finely-wound grid structure, this 
hypothesis is admissible, since not only are the electrons in the 
grid-anode space further from the space-charge barrier than those 
in the cathode-grid space, but also the grid acts as an electrostatic 
screen between the electrons in the grid-ancde space and the space- 
charge barrier. 


The problem resolves itself into a determination of the 
relationship between the conductance of this equivalent diode, and 
some measurable quantity relating to the actual triode. It is to 
be expected that the slope cohductance of the equivalent diode G, is 
related to the mutual conductance of the triode Gy, and simple 
analysis shows in fact that the following relationship holds. 


Gm = Gy See eeseersaseereresans Hesse ene (22) 
oc 


where o is a function of amplification factor, transit-time factors 
and electrode spacings of the triode. If the amplification factor 
is very large o is almost unity. For all conventional valves o lies 
between 05 and unity, and is nearly unity for a pentode. 


Using the results expressed in equations (10) and (11), we 
see that the mean square noise current in a negative-grid triode, 
operating under space-charge limitation conditions, is given by:- 


i. 8 
nese he ke he Ge Af re Iq GrA)OR Gm 


Qnillimhos) 
@eogeuges (12) 


From equations (9) and (11) : Ea 
r2 22+ kK. Gs Gp eT Nd bie 
ee oe : 


or including the numerical values 
of k, e and @ all 
T2 = orld Gn Tr - (13) 3 | Eel pte la 6 
o *Tqg~° 1000 
Pig. 646 shows the L | A t--|--4 2 
variation of Ig, Gy andT? for an 7 | | AP 3 
Acorn Triode (Mullerd AT4). The “47i2 10-6 “6 “4-2 -0 
anode voltage is 200 volts and o vg ours) 
has been taken as unity. 








646 =» Graph showing values 
9. PARTITION NOISE ot. Gn and T2 for a Mallard 


Since the current in a A, for different values of 
valve is composed of discrete grid-cathode voltage. 
entities emitted from the cathode. 
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with random direction and velocity the precise distribution of the 
electron stream at any instant is unpredictaole. In the case of a 
diode or negative-grid triode, it can be said that all electrons 
which surmount the space-charge barrier will arrive at the anode, 

In the case, however, of a valve with more tnan one collecting 
electrode no more can be said than that, as the result of the transit 
of a large number of electrons, the mean currents to the anode and 
the other collecting electrode are both known. ‘The final 
destination of each individual electron will be a matter of pure 
chance. This form of randomness relating to the valve current will 
constitute a fresh source of noise, which is known as Partition 
Noise. 


It is to be expected, on the basis of random division of 
the electron stream of "a valve between two collectors, the anode and 
screen-grid, that the partition noise in the anode circuit is equal 
to that in the screen circuit. Further, the partition noise should 
depend only on the total valve current and the relative division of 
ancde and screen currents. At first sight it might seem a 
formidable problem to confirm these suppositions experimentally or 
even to show the existance of partition noise independently of shot 
noise. However, a relatively simple experiment achieves the object. 
In the circuit shown in Fig. 647, if the cathode resistor R is made 
sufficiently large the equivalent 
mutual conductance G, can be reduced 
to a negligibly small value while the 
mean conduction current I, is main- 
tained by suitable electrode 
potentials. It has been shown 8 
(equation (13)) that.the shot noise 
reduction factorT* is proportional 








to oe A (PROVIDING NEGATIVE 
Gey ’ FEED BACK 
os + 
Te’ _ 


hence a sufficient reduction of Gy, 
reduces the anode shot noise 


(42 = 2et,T 2 af) to negligible 


Fig. 64,7 = Cireuit fer reducing 
shot noise without affecting 
partition noise. 


proportions. The partition noise, 

on the other hand, providing it 

depends only on I, and the relative division of anode and screen 
current, should remain unchanged, and in fact does su. 


In the entire absence of shot noise (a purely theoretical 
condition) the mean-square short-circuit partition noise current in 
the anode (or screen} circuit is given by:- 


32.2 2e, tarts . ag 


3 . ovoevarerereserenne Ly 
a a (Us) 





where is is measured in (amps)2, 
and I, and I, are respectively, the mean anode and screen currents 
in amps. 


It is evident that the partition noise in the anode circuit 
of a pentode decreases to ‘zero as the mean current flowing to the 
screen grid is reduced to zero. Hence design which results in the 
reduction of the mean sereen current leads to less noisy pentodes. . 
The screen current can be reduced in one of two ways:- 


(i) The pitch of the sereen grid can be increased and the 
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diameter of its wire reduced. This, however, reduces 
the screening between anode and grid, and decreases the 
control of the screen grid on the electron stream, 


(ii) The method of beaming can be used, This can be achieved 
by arranging the meshes of the various grids in such a 
way that the electron stream passes between the wires of 
the screen grid, i.e. the electron stream is focused. 


In general shot and partition noise are present together. 
An analysis which considers the contributions to noise in the anode 
lead by electrons which:~ 


(i) Cross the potential barrier, which is due to space charge, 
and finally reach the anode circuit, 


\ii) Cross the potential barrier and finally reach the screen 
grid circuit, 


(411) Do not have sufficient emission energy to cross the 
potential barrier, but which contribute to anode and 
screen circuit noise through resultant fluctuations of the 
potential barrier, 


leads to the general formula:- 

ast T Tp 
Ta + Is 

In the formula (15) 4 Teer oRcate the total mean square noise current 

in the anode circuit, and T? is computed on the basis of the total- 

current I in the valve. It is clear that, ifT? =0 (i.e. theoretical 

absence of shot noise), expression (15) reduces to expression (16). 


#2* Examples of the value of the mean square noise current in the 
anode circuLt of a valve 


We shall evaluate the mean square noise currents in the 
anode circuit of a valve, which is operated firstly as a pentode and 
secondly as a triode. 


ners : Nacht eceba tte (15) 


The following data applies to an Acorn Pentode (Mullard API) 
operating as a pentode:- 
Gy = 2925 mi/volt : Ig = 6 mh: Ig = 18 ms T= 1, +2g = 708 mA, 
The temperature T, of the cathode of the valve can be taken as 1,100°K. 
The mean square noise current in the anode circuit of the 
pentode is given by:- 


oe = 2e.I, ats Af (from expression (15)). 
oll Gy ke , 


o I 1000 


whereT? = 


As an approximate relation 
t 
Gm . Ta op Sm . Gm 
Gn iI I: Ta 
“where Gr is the total conductance of the pentode, 94, 
& 
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Assuming ¢ = 1 


2201. 2222 , doe 
Pee 6° 1000 
= O°0h5 . 
Conseguently 
pia = 2e.af. 6-107 , (BB+ OrGss « 8) 


2e.cf. 1660. 1079. 


The mean square noise current in the anode circuit of the valve used 
as a triode is given by:- 


ae = 2e 1T.af. 


Assuming that the total space current is the same as that when the 
valve is used as a pentode 


ae = 2e.Af (7°8 . 0°045) . 1073 


ul 


2e.af . 0°35. 1079. 


It follows that the valve used as a triode is less than 
one quarter as noisy as it is when used as a pentode. 


10. INDUCED GRID NOISE 


The primary noise sources (thermal, shot and partition) 
discussed in the previous sections, have a common characteristic; 
the mean square noise current is proportional to the total bandwidth 
involved, but is otherwise independent (at least over a wide range 
of frequencies) of 
frequency. 

CATHODE GRID ANODE 


; L_. POSITION SCALE 
FOR MOVING 
CHARGE q, 


Another 
type of noise known 
as Induced Grid 
Noise (sometimes as 
High Frequency 
Noise) results from 
the movement of 
charges in the grid 
oie wba (G)  IDEALISED GRAPH OF INDUCED 


induced electrically GRID CHARGE DURING TRANSIT 
as a result of 


variations in the 

space current. If i 
an external impedance 

is present between 

grid and cathode a 

noise voltage is 

generated which will, ° t 
in turn, react upon 
the electron strean 
in the valve to 
yroduce additional 
valve noise. 


4 ! 





(b) IDEALISED GRAPH OF INDUCED GRID 
CURRENT DURING TRANSIT 


Fig. 648 ~ Induced charge ani current 
The mean at grid. 
scuare noise 
current due to 
induced grid noise 
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is dependent on frequency and is in fact of importance only above the 
frequency limit where transit-time effects became significant. 


The process leading to the production of induced grid noise 
can be explained as follows:- 


If there is a uniform flow of electrons through a valve any 
induced current’ in an earthed grid, brought about by the approach of 
electrons to the grid, is counteracted by an opposite induced current 
produced by electrons receding from the grid, However, if a con- 
centration of charge -Q, surplus to the average flow of charge in 
the anode-cathode space, passes across thé valve and through a closely- 
wound grid mesh, then the variation with time of the charge q induced 
on the grid is of the form shown in Fig. 648(a). Consequently, sir-e 
the induced current is the rate of change of the induced charge with 
time, the current pulse in the external grid circuit takes the form 
shown at (b). 


if a Fourier analysis is performed with respect to a pulse 
of this form, it may be shown that no appreciable contribution of 
energy is made by frequency components small compared with 'Z-where + 
is the time of transit of electrons through the valve. Thus high 
frequency noise is evident only at frequencies for which thére is a 
on. component of input conductance due to transit time (Chap. 
7 Sec. 25}. 


Analysis gives the following expression for the mean square 
short-circuit noise current in the grid circuit:- 
gin = Weed. 498 Gy . AL *enveeeeeseeaveovese (16) 
where T is the room temperature (°K). 


k is Boltzmann's constant 


G, is the input conductance (mhos) due to transit-time loading 
only 


and a is in (amps). 


These formulae are valid for only the initial part of the 
frequency range in which transit time is important. 


- The equivalent circuit for computation of the méan square 
grid fluctuation voltage vq is shown in Pig. 649. The component of 
mean square short-circuit noise current in the anode ‘circuit is then 


given by:- 
pas Gea Coe ceevecrecoseossersesceres (17) 


Induced grid noise, which is noise produced in the circuit 
of an electrode not a collector of electrons, is of considerable 
importance in UHF in such valves as the klystron (see Chap. 16 Sec.1). 


3288 Example 


A valve operating at 200 Mc/s has an input conductance G, 
due to transit time of 0-0005 mhos. The external circuit 
conductance G (including leakance) is G°0605 mhos. ‘The mutual 
conductance Gy of the valve is 0-003 mhos, The bandwidth Af of the 
receiver is 2 Mc/s and room temperature T is 300°K. Find the n 
contribution of induced grid noise to the short-circuit noise current 


in the anode circuit. 
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gig = kekeT. M88 . Gpeat 
G= CIRCUIT 


from expression (16). 
Therefore : O 6% | CONDUCTANCE 
9Vn + LEAKAGE 
gia = 8.10717 (amps)? 
“se 


ay in ; 
ae ae (See Fig.8) Fig. 649 = Equivalent circuit 
t 


for computation of mean square 

voltage in grid cireuit due to 

induced grid noise. 
8.10717 


= eee = 810-11 (volts)2, 
(2 . 0-0005)2 crore) 





u 


aps 
atn = ee . g’n fron (17) 


—..8,. 10711 
106 


= 72. 107)? (amps)? 


Thus J ie 


2°68 . 1073 ms amps 


i 


it 


0*0268 BMS microamps. 


if the total effective output resistance is 10,000 ohms, the noise 
voltage developed in the output is given by:- 


AVA = 090268 . 10,000 = 268 RNS microvolts. 
11. FURTHER SOURCES OF NOISE 


Apart from the shot, partition and induced grid noise in 
valves, thermal noise in the resistors and noises generated in the 
aerial, which have already been described, there are various other 
sources of noise which may arise in circuits. These are briefly 
mentioned here, for completeness, although they have very little 
practical importance in radar circuits. 


(i) Noise arising from Flicker Effect 


This is a type of noise which sonetimes occurs in audio- 
frequency amplifiers, particularly if valves with oxide~ 
coated cathodes are used. It is probably due to random 
changes of the emitting properties of the various parts of 


CONDUCTANCE 


the cathode. The duration of these changes is of the order 


of a millisecond. Owing to this relatively long duration 
of the fluctuations, the noise voltage produced across an 
anode load is large only if the load is of high impedance 
for frequencies below about 1 Ke/s. Consequently Flicker 
effect is of small importance at radio-frequencies. 


(ii) Noise due to-Ionisation Effects 
If a.valve is imperfectly evacuated, and ionisation takes 
place, there is a further source of noise. This is of 


little practical significance since a high vacuum normally 
obtains in modern valves. 
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(iii) Secondary Emission Effects 


For some operating conditions of a valve, appreciable 
secondary emission of electrons may take place from an 
electrode bombarded by electrons from the cathode. This 
secondary emission results in an increase in the noise of 
the valve, 


(iv) Noise arising from certain types of resistors 


Certain non-metallic resistors (carbon resistors) may give 
rise to fluctuation voltages of a random nature when a 
direct current passes through them. This noise, which is 
in excess of thermal agitation, is proportional to current 
and also increases with the resistance. 


THE EQUIVALENT NOISE RESISTANCE OF A VALVE 


12, General 


In the computation of total noise in a receiver and in 
particular of the noise resulting from a single amplifier stage it is 
necessary to combine the effect of thermal noise in the grid circuit 
with that due to shot and partition noise arising in the valve. It 
is desirable to replace noise sources in various parts of the circuit 
by a single equivalent noise generator at some suitable point; this 
is called "referring" the noise to this point. To simplify 
calculation and provide rapid comparison of the merits of different 
valves from the aspect of signal-to-noise performance it is most 
convenient to refer valve noise to the grid circuit. 


In the grid circuit is placed a fictitious nolse generator 
which would produce in an ideal noiseless valve a quantity of noise 
equal to that actually produced in the valve under examination. To 
facilitate immediate combination with true thermal noise generated in 
the grid circuit by ohmic resistance present, it is standard practice 
to represent the valve noise generator as a fictitious noisy 
resistance in series with the external grid circuit. This resistance 
“generates” the requisite amount of thermal noise to account for the 
valve noise present. Thereafter the valve itself may be regarded, 
for the purpose of calculation, as an ideal noiseless amplifier. 


13. Triode Valves 








In Pig.650, Rg is the 
fictitious noise resistance to 
be computed. The mean square (a) 
short-circuit shot noise current 
in the anode circuit of a triode 
is given by:- . 


aS. h ke. me Ope af. 


NOISELESS 


«t 


"(see expression (12)). 


. NOISELESS 
The mean square noise voltage oS 


generated by Re is given by:- 2 
gach. k.T. Re. Af =KR == 
(see expression (2)) Fig. 650 = Cirouit illustrating 
: equivalent shot noise resistame 
and the resulting mean square of a valve. 
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short-circuit noise current in the anode circuit is:- 
ye 2 72 
a2 = Gh . Yn 
S5Ge a de ea Do Re ae 
Hence it follows that:- 


Geeks k.T. RR. af=S.4.k. 4. G. Af 


™hk @ 21 
ce Se ig Og Per eoseovraerssesescese 18 
Ret pee tee (18) 
It will be noted that R, is independent of the bandwidth 
considered and this is an important advantage of this method of 
estimating valve noise. In the cage of valves with oxide-coated 
cathodes, assuming 


T, = 1,100, T = 300% and 6 = 0*65;- 
2° 1 
2 ett. Pee eeeeereresrererersereees (19) 
A commonly quoted figure for Re is 2°53 and this formula always gives 


a reasonable estimate of the eouivelxt noise resistance referred to 
the grid circuit. 


1,. Pentode Valves 


For a penteode valve it is usual to combine shot and 
partition noise in the formula for the equivalent noise resistance. 
This resistance is then given by:- 


Re & (1 + 87 o 28 2000)(2:5 ,_Ta_ 1) 

Go TH§e oF %IIgtIg Gh 
S Gm being the anode-current, grid-voltage mutual conductance, 
a 
Ovg 


The following table gives the noise resistances of some 
common valves operating under specified conditions. 


Sse wea 
3 
Ig(ma) Gn(m/volt)| Re | 
APS. 6 


Pentode 
(Acorn) 
(cV1981) | Pentode 
(cv591) | Pentode 
(cv660) Pentode 


RCA956 (CV649) Pentode 


RCA955 (CV1059) | Triode 





It should be noted that the expressions quoted above for the 
pentode valve are based on two plausible assumptions concerning the 
behaviour of electrons emitted from the cathode:- 
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(i) that the "fate" of every electron emitted (i.e. whether it 
terminates on screen or anode) is a matter of pure chanre 
independent of its point of emission fran the cathode, 


(ii) that the influence of an individual electron may be 
regarded as "spread out" over the whole space-charge. In other 
words, the depression of the space-charge minimum as a result of 
"surplus" electrons (see Sec.7) is assumed to act in every case on 
the anode and screen currents in the same manner, in proportion to 
their mean values Ig, Igg. 


These assumptions may not be fully justified in modérn 
valves'and therefore in some cases a small’ correction factor may be 
found desirable in practice to allow, for example, for the effect 
of "grid alignment", which would tend to alter assumption (i) above. 
Again, very close electrode spacing without reduction of the cross- 
sectional area of the cathode might result in violation of 
assumption (ii) calling for suitable modification. 


15. VALVE NOISE UNDER FEEDBACK CONDITIONS 


If negative feedback is present in a valve amplifier the 
noise current generated in the output circuit is modified bince the 
noise currents flowing in the feedback circuit will introduce 
compensating voltages between grid and cathode which will reduce the 
noise, This is illustrated in Fig.651 for the important case of 
current feedback (see Chap.16 Sec,12). . Fundamentally, the effect 
of the feedback on the noise current may be considered as the result 
of a limiting process: each component of noise current produces a 
corresponding feedback voltage at the input which in turn causes a 
further (diminished) noise current to flow in the valve and so on. 
The result of adding the various terms of the series thus formed, 
for the circuit of Fig.651, in which the anode of the valve is 
effectively short-circuited to earth, is to reduce the noise current 
which flows through the feedback impedance according to the farmula 


2) : 
(32) 4 = (i dwithout feedback (compare Chap. 
th feedback 
= (1 + Rp G,)2 7 Sec.16). 
If now we consider the formula (15) for noise in a 
pentode viz, 


r2 
He = 26 I, (Ig + Ta) af 
Ig + Ig 


then it is the first term 
2e I, Ig Af 
Tg + Is 
on the ratio of anode and 
screen currents, which is 
unaffected by feedback, 
whereas the second term, 
corresponding to the pro- 
portion of shot noise 
developed in the output 
circuit, is affected by the 
feedback ag indicated above. 


The presence of the T2 Pi 
: ; ge 651 ~ Noise under feedback 
factor in this tern, conditions. 


» depending only 


nt 





SICNAL CURRENT NOISE CURRENT 


(The steady component of current,lg,cs omutted 
from thé diagrams) 
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2e TET? af 
Ta + Is 


indicates the susceptibility to feedback, since it expresses the 
dependence of the noise current on the grid-cathode voltage and 
space-charge, On the other hand, the product I,J, is, to a first 
approximation, independent of variations in the cathode field and 
is therefore indeperdent of the feedback. 


16. SUMMARY 


It has now been shown in the preceding sections that the 
physical explanation for the requirement of a comparatively high 
signal-to-noise ratio at the input stage of a receiver lies in the 
fact that while there are no new primary sources of signal power in 
the receiver between input and display there are many new sources of 
noise of different kinds, and the signal-to-noise ratio must 
inevitably deteriorate (if the same bandwidth is maintained) from 


aerial to output. 


In the PPI type of display the signal and noise appear as 
variations in the brightness of the trace. Under such circumstances 
it is correspondingly more difficult to distinguish a weak signal from 
the noise background than-with an A-Type display, and therefore the 
signal-to-noise ratio just prior to the detector of the receiver must 
be greater than unity (perhaps greater than 4) if the signal indication 
is to be distinguished from the noise. 


On the other hand when the signal is used to measure angles 
of el¢vation or azimuth it is possible to use the integrated effect of 
the gated signals fran successive recurrence pericds so that the band- 
width of the signal fed to the output indicator or automatic following 
unit is very much less than the bandwidth at the detector stage 
immediately following the video frequency amplifier. This reduction 
in bandwidth may result in a considerable improvement in the resultant 
signal-to-noise ratio at the output, since the required signal power 
is concentrated in a relatively narrow band and is not reduced in the 
seme ratio as the noise power, which is distributed uniformly through- 
out the band. For this reason it may be possible for a radar set to 
track successfully by auto-following a target which does not give a 
signal-to-noise ratio of even 1:1 at the detector stage. 
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CHAPTER 16 


RECEPTION OF RADIO@FREQUEN CY PULSES 
INTRODUCTION 


1. General 


Tn radar equipments the transmitted RF pulse vossesses a more 
or less rectangular waveform; (Fig. 652). After transmission and 
reflection from the target the pulse returned to the equipment has 
approximately the same shape but is very much weaker. The ideal 
receiver should be capable of receiving the weakest possible reflected 
pulse without distorting its shape or in- 
troducing any noise. 


In Chap. 15 it has been shom 
that unavoidable noise power is generated 


in any receiver and it is this noise RADIO-FREQUENCY 


power which ultimately limits the OSCILLATIONS 
ion. A compromise design must be j 


adopted and it is therefore inevitable 
that careful attention is given to the 
problem of noise when radar receiver 
design is under consideration. 


sensitivity and fidelity of pulse recept- | | 
| 
| 


; : Fig. 652 - Radie-frequency 
Clearly the maximum possible 

sensitivity should be secured in the EUiee ee rectangular meyer erm: 
receiver, anything less than this 
wasting transmitted power, and it is 
therefore usual to find that radar 
receivers have sufficient maximum gain to produce saturation or near- 
saturation outputs from inherent noise alone. 


The distortion of the RF pulse in the receiver is important 
for two different reasons :- 


(i) If the Range difference to two separate targets 
corresponds to a time interval greater then half the 
duration of the transmitted pulse, then the target echoes 
are received separately ; otherwise the two responses 
partially coincide, The resolving power’ in distance 
is therefore limited by the. duration of the emitted 
pulse, and any increase of pulse length due to receiver 
distortion will reduce this resolving power, i.e. there 
will he a loss in Range discrimination. 


(41) An attempt is made to keep the leading edge of the 
reproduced pulse as abrupt as possible, partioulerly 
when measurement of this leading edge is used for the 
determination of Range. Any loss of steepness of this 
edge due to distortion in the receiver results in a 
corresponding loss of accuracy of Range measurement. 


In a radar equipment, the direct signal from the nearby 
tranmitter produces extremely large voltages in the receiver. These 
voltages, Which may persist for a time considerably longer than the trans- 
mitted pulse, usually render the receiver insensitive to sigals, This 
effect is known as Paralysis, and unless it is minimised or overcome the 
receiver will be incapable of responding adequately to signals from 
targets at close range. 


The receivers in normal use in radar employ the Superhetero- 
dyne principle. An arrangement, shown in Fig.653, consists of RF Amplifiers, 
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a Mixer (Frequency Changer) 
and Local Oscillator, IF 


rmedi Fre RADIO- INTERMEDIATE- VIDEO - 

(Inte ne ate quency ) FREQUENCY FREQUENCY — FREQUENCY 

Amplifiers, a Detector, AMPLIFIERS AMPLIFIERS AMPLIFIERS 
* ' t 

and Video Frequency FROM AERIAL MIXER 1 


Amplifiers. The radio 
frequencies in normal 
use in radar lie in the 
range 30 Mc/s. to 10,000 cater 
Mc/s. It has not yet been OSCILLATOR-~* 
found possible to produce 

useful Lification at 

fre qusiien eeeecen chan Fig. 653 - Bleck diagram ef superhetere- 
about 700 Mc/s.; hence, in dyne receiver. 

Radar receivers operating 

at frequencies greater than 

this, the RF Amplifiers 

are omitted. Idealised waveforms of the pulse to be expected at differen 
stages of the receiver are shown in Fige 65). 


TO DISPLAY 





OSCILLATIONS AT RADIO 
“ FREQUENCY 
AT POINT A —_—i—- 


OSCILLATIONS AT 
INTERMEDIATE 
AT POINT 8 ——if-— FREQUENCY 


AT POINT C dk. 


—_——> TIME 


Fig. 654. - Idealised waveferms ef pulse at 
various points of the superheteredyne 
receiver shown in fig. 653. 


2. Fourier Analysis 


The signal which is transmitted and received by Radar equip= 
ments is ideally a rectangular-shaped RF pulse (Fig. 652) of short duration 
(1/20 to 10 microseconds), The Bandwidth of the receiver which is 
required to receive such pulses without undue distortion can be calcu- 
lated. 


Consider the succession of 
pulses shown in Fig. 655. If these 
are exactly similar in shape and are 
repeated at regular intervals of 
time (3) they can be analysed as a 
FourLer spectrum consisting of a a 
number of sinusoidal components of €-0 
different amplitude, frequency and 
phases In the case under considera- Paige 655 = Succession of 
tion, assuming that one pulse is rectangular pulses, 
located symeetrically about an axis 
representing zero time, the components have a cosine variation, is¢e, 
the instantaneous value of each is a maximun at zero time, The Fourier 
series corresponding to the waveform of Fig. 655 is thus :- 


¥ 
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i es wt + &5 OOS 2Wt + as Cos 5 Wt + «eoee-etO infinity 
where Wz 2 PB Ceesoeesseseoneseseresoses (1) 


There is thus a steady component of value ag» & component of 


amplitude and of frequency equal to the repetition frequency of the 
pulses (fundanentel component, or first harmonic), together with an 
infinite number of components which are harmonics of this frequency. 


If each pulse is of amplitude and duration tp, calculation 
shows that the value of the steady component is vFtp » the amplitude aj of 


the fundamental is 20 sin % Ftp and the amplitude ay of the nth hamonic 
Tn 


sinn % Ft). 


pfro 
al 


Harmonics of such:an order that 1% Ftp is equal to a multiple 

of ™ have zero amplitude, These components have frequencies 1, 2, 

t t 
3, etc., and their positions on the amplitude spectrum are ee c 
tp : 
respectively as the first, second, third, etc., zerose A typical 
amplitude spectrum, for pwilses of one volt amplitude, one microsecond 
duration and of repetition frequency 400 per second is shown, as far as 
the third zero, in Fig. 656, In theory the spectrum covers an infinite 
range of frequencies. Since tp = 1 microsecond the zeros are spaced 
1 Mc/s. apart, the individual 
components being separated 
by 400 O/Se» iwe., by AMPLITUDE OF 
the repetition frequency FOURIER COMPONENT 
of the pulses. There 
are thus 2,500 components 
between zero frequency and 
the first zero of the 
spectrum, so that a large 
scale is required if the 
individuel components 





are to be represented, as = SQOOF =7SOOF 
they should be, by dis- 
crete lines. Fig.656 - Spectrum of recurrent rectangular 
pulses with a repetition period = 2500 X 
It is shown pulse duration 


in the Standard Service 
Manuals ( see UR 230 ‘ 
( Admiralty Handbook of Wireless Telegraphy, Vol II ) Sec, N para, 15, 
and AP 1093 Chap. XII para. 14 for a more detailed analysis) that a 
continuous sinusoidal oscillation of frequency fp, amplitude moduiated 
at a frequency f,, behaves as though it were composed of three sinusoidal 
components of constant amplitude and of frequencies fo, fo + fm and fg - 
fm respectively. This simple example is illustrated in Fig. 657, and 
the equation of the modulated wave is :- 

v= (¥o+%,, coswat) cos w ot 
cos (Wo + Wm)t +4, cos (W, = 


A +a 
=V cosw ot + av 


° ma 


Ont 


where Wo = 2 Xn fo and W |, = 2 Tk fi eecerssseeereeesesereenee (2) 
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fhe three components 
are imowm as the carrier, upper y 
sideband and lower sideband 
respectively, The amplitude 
spectrum is shown in Pig. 658. 
It should be noted that the 
carrier amplitude V, is equal 


FREQUENCY = fin 





to the average value of the 
modulated carrier, and the 
amplitudes of the sidebands are A CONTINUOUS OSCILLATION WHICH 1S AMPLITUDE - MODULATED. 
each equal to half the emplitude 
of the modulating oscillation. 
Fige 657 - A centimeus oscillation 

when the modulation which is amplituie-medulated. 
envelope is not a pure sine wave 
it may be analysed into a 
Fourier series and each harmonic 
in this series will give rise 
to its own pair of sidebands. 
The greater the number of 
hermonics in the modulating 
waveform the more numerous are 
the sidebands snd the wider is 4000 BUTT pe 
the spread of the frequency rh tn 
spectrum on each side of the > Gon) fo (for fm) 
carrier. 






It has already been 


shown that a succession of | 

t Fige 658 « litade spectrum of the 
pulses (Fige 655) can be con~ Thi aes ad oscillation shown 
sidered as consisting of sinu- in fige 657. 


soidal components (Equation (1)). 
Hence if the svecessive RF 
pulses shown in Fig. 659 are 
exactly similar in shape, are repeated at regular intervals and are Ooherent, 
isée, they are the result of amplitude modulation of a continuous sinusoidal 
oscillation, the equation representing these pulses will be :- 


V= COSWozy (a9 + a, COswWt + ag COB 2Wt + &; COS Ft + seewsacvete) 
where W= 2NF 
= a cos Wot cecccccccoceee (Carrier) 


+ Za 008 (W, tw)t + % a, cos Wy -w)t (first sidebands) 


+ $ ap cos (W, + 2u)t + 3 a, cos (W, - 2W)t (second sidebands) 


Ni-+ 


+s a, 008 (wo, + Zu)t + cos (wa = 3u)t (third sidebands) 


“5 
+ etc OC Odeaeeesaeserrnsseseeseverese (3) 


The carrier amplitude is therefore ¥ Ftp and the sideband amplitudes 
sin XFtp, ¥ sin2 wR), ¥ sind Np, etc. If the pulse 
X 2t 3K 


recurrence frequency is 400/sec. and the pulse duration 1 microsecond as 
before, the amplitude spectrum for V = 1 volt and f, = 500 Mc/s. is shown 
in Fig. 660. 


tthe changes which take place in the amplitude spectrum in the 
transition from the recurrent pulses of Pig. 655 to the recurrent coherent 
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RF pulses of Fig. 659 may now 
be seen, The steady compon- 
ent of magnitude VFtp becomes 
the carrier component having 
the same peak amplitude, whilst 
each of the harmonic components 
of Fig. 656 splits into a pair 
of sidebands of half the 
amplitude and symmetrically 
disposed with respect to the 
carrier. Given Fig. 656 it 
is thus possible to derive 
Fig. 660 by this simple process. Fig, 659 - Recurrent radio-frequency 
CBe 





In practice the RF 
pulses received by radar equip- 
ments are not repeated at 
exactly equal intervals of 
time, and successive pulses are 
likely to be slightly different 
in duration and amplitude. 

Also such pulses are usually 
not coherent in the sense 
described above; i.e., the 
radio-frequency oscillation 
starts afresh in each pulse and 
there is no phase linkage from 


AMPL|TUDE 






SPACING BETWEEN 
COMPONENTS =F =400C/S 






‘Af 


is 










axle SHR 









one pulse to the next. The Oe: oe fo for ; 4 
effect of these variations in p 
duration, amplitude and radio- 

: "blurt 
frequency phase is to Lux Fig. 660 = Amplitude spect of 
the spectrum so that it no fe & BF with thtd 
longer consists of discrete oe ree pulses aS epour ten 

period = 2500 x pulse duration. 


frequency camponents, without, 
however, altering its general 
nature. 


It has been shown that the periodic train of pulses snovm in 
Fig. 655 consists of sinusoidal components of frequencies F, 2F, 3F, ete. 
As the repetition frequency is reduced the components thus became 
correspondingly closer in frequency; at the same time the amplitude of 
each is reduced. In the limiting case of a single pulse the components 
become indefinitely close together, thus forming a continuous spéectrun, 
while the amplitudes are vanishingly snall. However it may be shown that 
the relative amplitudes of the components are still given by the envelope 
of Fige 656, This argument applies equally well to the RF pulses of 
Fige 659 and is the basis of the Fourier Integral treatment of the 
single RF pulse. 


In radar, single RF pulses are not used, the recurrence fre-, 
quency seldom being less than 400 c/s. However, the amplitude-frequency 
spectrum is more accurately portrayed as a continuous or "White" spectrum 
rather than one composea of discrete harmonic components, for the following 


reasons t= 


(i) As already remarked, the pulses are not coherent, there 
being no phase linkage between successive transnitied 


pulses. 


(ii) The transmitter frequency is liable to vary by en amount 
sufficient to blur the spectrum completely. 
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E.Ge, suppose the recurrence frequency is 1000 c/s. 


For a centimetre 


equipment a random frequency-variation of 1000 c/s between successive 


pulses is not unlikely. 


Hence the positions of the harmonic camponents 


of the spectrum are completely random. 


(431) ‘The pulse width 


and recurrence frequency F, and 


therefore the envelope of the amplitude=-frequency spectrum, 
are liable to random variations. 


3. Distortion of RF Pulse During Amplification 


As described in Chap. 7 Sec. 8, in order to amplify satis- 
factorily RF pulses of the type shown in Pig. 652 an RF amplifier must 
exhibit amplitude~freauency and phase-frequency characteristics of the 


types shown in Fis. 341. 


These characteristics are drawn in an idealised 


form in Fig. 661., and a comparison with Fig. 660 shows that with such 
characteristics the higher order sidebands are inevitably removed in the 


amplifier. 


The wider the pass band the more accurately is the pulse 


envelope reproduced; but at the same time the noise is increased, and it 
is therefore necessary to adopt a compromise, the exact nature of which 
depends on the requirements of the particular radar application. 


In the first 
instance we may calculate 
the response of an 
idealised band~pass 
amplifier, possessing 
characteristics such as 
those shown in Fig. 661, 
to a succession of co 
herent RF pulses. The 
response of such an 
amplifier to one of these 
pulses is illustrated in 
Fige 662. 


The input 
pulse is shown at (a), 
while (b) and (c) show 
the shape of the output 
pulse for bandwidths of 
2. and 8 respectively; 


tp tp 

(b) therefore corresponds 
to the inclusion of all 
the sidebands of Fig. 660 
as far as the first zero 
on each side of the 
carrier; in (c) the side- 
bands between the fourth 
zeros are included. The 
leading edge of the ree 
produced pulse is curved 
and the convention of 
Fige 663 is adopted for 
estimating the delay time 
and time of rise. If 
the input voltage v4; were 


sinusoidal, of frequency 


£5, the output would have 


amplitude 7, = im! Fy 
This amplitude is used as 


AMPLIFICATION 


oO i" a f 


UPPER_ CUT-OFF 


LOWER CUT-OFF 
FREQUENCY FREQUENCY 


PHASE SHIFT ¢ 





Pig. 661 = Amplitude and Phase-Shift 
characteristics of idealised band-pass 
amplifier. 
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a reference level when the input 


voltage is in the form of a RF pulse, 
and the point 
X is taken when the pulse amplitude 
The tangent 


a 


also of amplitude 7,, 


has risen to $ jm 5° 


at this point intersects the zero 
and (my os levels at P and Q res- 
pectively, The time difference 
between these two points is taken 
to be the time of rise tr of the 
reproduced pulse, and the delay 
time tg is taken as the time 
difference between X and the lead- 
ing edge of the input pulse, 


with these definitions 
it may be shown that :- 


(1) tg = 1L_x (slope of 
phase Beate ad of Fig. 661). 

(2) tp = lL, where B is the 
bandwidth, ots (Fig. 662). 


(3) the oscillations at the 
top of the pulse of Fig. 662 (c) 
have a frequency of B c/s. 

2 


The response of the 
idealised amplifier discussed 
above is in the main close to 
that of a practical amplifier, 
ieee, the delay, time of rise and 


frequency of oscillations are much the same in the two cases. 





fei & a 
RF PULSE 

(ASSUMED TO BE ONE OF A 
SUCCESSION OF COHERENT PULSES) 





SHAPE OF REPRODUCED PULSE WHEN 
BANDWIDTH = % 
? 





SHAPE OF REPRODUCED PULSE WHEN 
BANDWIDTH 28 
eo 


Fig. 662 - Distortien ef a HF pulse 
by an idealised band-pass amplifier. 


However, in 


practice, each successive pulse may be treated as distinct fran those pre- 
ceding it, since the pulses are not coherent, and if this is done it is 
obvious that no oscillations due to this pulse can occur before t = 0, 
ie@.,y there can be no output before the input is applied. 


Investigation into 
the transmission properties of 
practical amplifiers shows that, 
if the amplification character- 
istic displays sharp cut-offs, 
the phase-shift characteristic 
is excessively non-linear at 
the extremities of the pass 
band.. As a consequence, 
pronounced oscillations 
(overshoots) occur during and 
after the time interval of 
the reproduced RF pulse; 

(Fig. 664(a)). In radar 
systems, the overshoots, in 
so far as they constitute 
deviations from a true rect~- 
angular shape, should be 


Vo 









= 
a 


Solel poe 
I 


Figs 663 ~ Delay-time ani time of 
rise of repreduced pulse. 


638 


Chap. 16, Sect. 3,4 


avoided, This is particularly 
important in systems in which 
the target is indicated by a 
change in the brilliance of the 
trace on the CRT. The effect 
of such overshoots on the dis- 
play can be minimised by the 
processes of Pulse Limitation 
and Clamping (see Chaps. 9 and 
12). If the amplification 
characteristic of the amplifier 
displeys gradual cut-offs, the 
phase-shift characteristic is 
not excessively non-linear, 
and the overshoots are compa- 
ratively small in amplitude; 
Fig. 66,(b). In general, 
however, for a given pass band, 
amore gradual cut-off in the b 
amplification characteristic ( ) 
means a slower rise in the 

leading edge of the reproduced 

pulse. 





% 


Fig. 664 - Repreductien ef « 
4. The Effect of Noise rectangular EF o by a 
ee ee amplifier with (a) sharp cut-eff 
All radar receivers and (») gradual cut-eff, 
possess inherent noise voltages 
which are in general of random 
amplitude and phase throughout all frequencies. Since the noise energy 
present in a given circuit is in most cases proportional to the bandwidth 
over which the circuit is responsive, the RMS value of the noise voltage 
is proportional to the square root of the bandwidth. The phase character- 
istic does not enter into the calculation of the average noise power since 
the phases of the noise voltages are purely random and therefore their 
effect, averaged out over an interval of time, is the same regardless of 
the phase~shift characteristic of the circuit. The noise voltages are 
amplified with the signal and produce on an A-type display the typical 
picture already described in Chap. 15 and illustrated in Fig. 642 In 
general, if the amplitude of a received pulse, applied to the deflecting 
plates of a CRT, is less than that of the noise voltages, it cannot be 
seen through the noise. This limits the maximum Range at which the 
equipment can detect signals. To increase the maximum Range, and to make 
the indication of signals more reliable et all ranges, it is clearly 
desirable to reduce as far as possible the noise voltages relative to the 
Signal wltages. 


Suppose that a RF pulse of duration tp is applied to a circuit, 
the amplification of which may be kept constant as its bandwidth is varied. 
Starting with a narrow bandwidth the noise voltages will be small, but the 
rate of rise of the leading edge of the reproduced pulse will be so slow 
that the pulse will not have sufficient time to build up to its full 
amplitude (Fig. 665). As the bandwidth is increased the amplitudes of 
both pulse and noise inerease also but the ratio of pulse to noise increases 
at first, passes through a maximum and then decreases; (Fig. 666). 

The optimum condition, B = B_, depends to some extent on the type of 
display used, the recurrence’ frequency, etc.; for optimum detection of 
small signals on an A-display, B, is usually chosen between] and2 , 


tp ty 
If it is desirable in a radar equipment to make accurate 
range measurements or to discriminate between closely neighbouring echoes, 
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faithful reproduction of the pulse 
shape is of greater importance: than 
optimum signal/noise ratio, and the pag aie 
bandwidth used in such equipments 
may be as great as 40 , Naturally 

e 
this accuracy of pulse reproduction is 
obtained only by a sacrifice of maxi- 
mum Range. A useful working compro- 
mise between fidelity of pulse shape 
and accuracy of Range measurement is to 
ehoose a bandwidth of about twice tha one 
optimum, i.e., an equipment tragsmit- oF REDUCHCA oF BAND won eee ean, 
ting a 1 microsecond pulse will pave a 
receiver bandwidth of about 24 Mc/s. 


NARROW BAND 


The choice of pulse Fig. 665 = Envelepe ef reproduced 
duration will again depend on the pulse showing effect of reductien 
purpose of the equipment. For of bandwidth at censtant gain. 


any given pulse length tp the band~ 


width for optimum signal/noise ratio 
is proportional to 1 so that a 

+ 
relatively long pikne implies a RYOLTACE. VARIATION 
narrow bandwidth with a correspond- 
ing reduction in noise. The use 
of a long pulse of the same peak 
power will therefore lead to an 
improvement in signal/noise ratio 
and an extension of maximum Range. 
In general, early warning equip- 
ments have fairly long pulses and Bo 
narrow receiver bandwidths but 
poor discrimination, whereas for 








CURVE I SIGNAL 


CURVE Ir NOISE 


good Range discrimination the Fig. 666 = Variation ef signal 
pulse is short’, the receiver band- and neise eutput voltages with 
width wide and the Range limited, beniwidth ef circuit. 


5 The Superheterodyne Principle 


It has been stated thab radar receivers normally employ the 
superheterodyne principle, This is used in order to obtain the necessary 
high gain with stability. Further, on centimetre wavelengths no useful 
signal frequency amplification is possible, so‘that a change of frequency 
is essential. At the same time, selectivity is not a problem as it is 
in comunications working, and the receiver bandwidth is determined solely 
by pulse fidelity and signal/noise considerations and not by the necessity 
of avoiding interference from transmissions on adjacent channels,’ 
Similarly, the choice of the intermediate frequency is not dictated by 
second~channel interference problems. This is not to say that radar 
receivers are immune from interference, but such interferencd is of a 
specialised character andisnot removed by merely restricting receiver band- 


width. 


The effect of the frequency-changer is to shift the pulse 
spectrum of Fig. 660 so that it is no longer centred about the signal 
frequency but about the intermediate frequency, the relative amplitudes and 
positions of the sidebands remaining unchanged. The considerations 
discussed above in connection with the bandwidth of circuits designed to 
pass RF pulses apply equally well to circuits used for anplification at the 
intermediate frequency. In fact it is in the IF amplifier that the 
necessary bandwidth is obtained; the signal frequency circuits, owing to 
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the higher working frequency are usually much more flatly tuned. This 
corresponds with normal commmications practice, 


The necessity for amplifying a short RF pulse and “ne con- 
sequent wide bandwidth needed restricts the choice of the intermediate 
frequency, For a given bandwidth and tuning capacitance the gain of a 
RF amplifier is-independent of the mid-band frequency so that stability 
considerations suggest the use of a low value of IF: on the other hand 
there must be a sufficiently large number of IF cycles to "fill in" the 
pulse envelope. At least 20 cycles are needed for this purpose, so that 
for the accurate reproduction of 1 microsecond pulses an IF of at least 
20 Mc/s. would be needed, Longer pulses could be dealt with at correspon - 
dingly lower frequencies, eege a 5-microsecond pulse could be handled by 
an IF emplifier working on 4 Ne/s. Where accurate reproduction of the 
pulse shape is not required a smaller number of IF cycles can be 
tolerated, as few as 5 cycles per pulse being satisfactory in some cases, 


A further advantage of not using a high IF is that certain 
sources of noise are thereby avoided; (see Chap. 15 Sec. 10}, 


The output from the TF amplifier is appliec to thse detector, 
the output of which should ideally consist of a rectified pulse having 
the seme shape as the envelope of the IF pulse, Since all sideband 
components up to B on each side of the carrier have veen retcined in the 

2 
IF amplifier the output from the detector may be analysed into a frequency 
spectrum extending from zero up to an upper limit of B c/s. For distort- 
ionless detection these components snould be 2 
maintained with correct relative amplitudes and correct relative phase. 
However, the detector must always incorporate some filter device to remove 
the residual intermediate frequency components, together with harmonics 
which are inevitably produced in the detection process, The higher the 
IF chosen the easier it is to filter out the uwanted IF components and 
their harmonics without introducing amplitude or phase changes in the 
frequency range O-~-B o/s. The choice of at least 20 IF cycles per 


2 
pulse enables this to be done without difficulty. 


Similarly the video-frequency stages following the detector 
should reproduce the output of the latter without distortion; i.é. the 
video stages should have uniform amplitude/frequency and linear phase/ 
frequency characteristics up to at least B c/s. 


2 
6. Typical 200 Mc/s Radar Receiver 


The following are the details of a typical radar equimuent:- 


e Signal frequency : 200 Mc/s. 
2) Intermediate frequency : 45 Mc/s. 
(3) Pulse length ; 3 microseconds. (There are thus 135 IF 


cycles per pulse.) 
(4) IF bandwidth B = 3 Mc/s. (With this value of 10, 


accurate reproduction of the pulse is obtained, the 
time of rise of the leading edge being 0°33 micro- 
seconds. 

(5) Video amplifiers : aAmplitude/frequency characteristic 
flat up te 2 Mc/s. (Since only sidebands up to 
1*5 Mc/s. on each side of the carrier are passed 
by the IF amplifier the video amplifier need only 
handle frequencies up to 1e5 Mc/s., but the 
extension of the video frequency range beyond that 
actually required improves the amplifier character 
istics. In particular, the phase characteristic 
tends to become excessively non-linear at the upper 
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end of the range; with 2 Mc/s. upper frequency limit 
this non-linear portion is outside the band of 
frequencies handled by the amplifier.) 


INFLUENCE OF NOISE FACTORS ON RF AMPLIFICATION 


7. General 


In Sec. 4 some of the more general problems relating to noise 
in receivers are discussed, showing how unavoidable noise sets an upper 
limit to the maximum Range obtainable with a radar equipment. In this 
section we consider in greater 
detail how noise affects the design 
of RF amplifiers and of valves 
used in such amplifiers. The term 
Radio Frequency will be taken to Gee wean, - 
include both Signal Prequency and a 
Intermediate Frequency. The effects 
of noise in Frequency Changers will 
be dealt with in Secs. 24-28. 





Fig. 667 ~ Block diagram of 
8. The Ideal RF Amplifier ideal EF amplifier. 

In an ideal RF amplifier all the valves and circuits would be 
completely free of noise and the signal/noise ratio at the output of such 
an amplifier would depend on the aerial alone. Consider the block diagram 
of Fig. 667, the amplifier being considered to be free fram noise and to 
have ideal amplitude/frequency and phase/frequency characteristics over 
an adequate band-width B. The output impedance of the aerial, its 
radiation resistance R, (see Chap. 17 Sec. 11), and the input and output 
impedances of the amplifier, Rg and 

y are assumed to be pure resist- 
ances over the bandwidth B, The 
input circuit is shom in Fig, 668. 
During the pulse the si power 
present in R, will be im“ times 
the signal power present in Ry 
where Im is the amplification. 
Similarly the noise power in R, 
will bem times the noise power 
in Ry associated with the band~ 
wiath B since only those frequency Fig. 668 ~ Input circuit of 
components of noise lying within ideal RF amplifier. 
the pass band can affect the out+ 
put. 


Re (NOISELESS) 





Let ve be the mean square signal voltage in the aerial 
during the pulse. The signal power P, is then given by 





R 
Ps = £ = ° er Bee eres ererersesnereesenre (1). 
(RB + Ry)° 
Similerly, the noise power P,, is given by 
R 
Pe £ ae NGdeweg ees easstaecesamstwe: -(2)e 


(Gee Re 


where ne is the mean square noise voltage in Rp associated with the 
bandwidth 8B; 
L.Gey Wn" = LKTBR. = KR,» eMeeeesneeseeeveteseceseeeeee (3), 
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where K = 4&kTB. 


The ratio of noise/signal power at the input is thus 


En Ry / 


P= V5 Cece ereereres scene retroreeeerererece (4) 5 


which is also the noise/signal power in R,. This ratio (4) is independ- 
ent of Rf so that the signal/noise ratio in an ideal amplifier is independ- 
ent of the serial matching conditions. 


9. The Practical RF Amplifier: Noise Factor 


In an actual amplifier Ry is noisy and there is also noise 
in the valves and other components, the net result being that the ratio 
of noise/signal power in the output is higher for a real amplifier than 
for an ideal one. This deterioration is expressed by the Noise Factor 
F which is defined as :- . 


p.- Noise/si er_in output of real amplifier ..... (5), 
Noise/signal power in output of ideal amplifier 
F, being in effect a power ratio, may be expressed either as a pure number 
or in decibels; e.g F = 4 or F = 6 dh. 


In order that the noise factor of an amplifier may be as low 
as possible careful consideration must be given to the design of the 
first stage. Since the signal and noise outputs of this stage in 
particular are amplified together ‘by all succeeding stages it is clearly 
desirable that the noise/signal ratio at the first grid should be as low 
as possible. 


Consider the cirenit of Pig. 669 in which an aerial of resist- 
ance R,, is show inductively coupled to the first tuned circuit of the 
amplifier by a perfect transformer, of turns ratio lin. In practice the 
transformer will not be perfect, the circuit will not necessarily consist 
of lumped inductance and capacitance and some reactance may be present in 
the aerial. These differences will not, however, invalidate the argument 
which follows; they will merely complicate the mathematics without 
affecting the general conclusions. 


10. Input Circuit Coupling with Noiseless First Valve 





In communications practice where noise is not the limiting 
factor the turns ratio n is usually chosen to give maximum signal at the 
grid, This condition is obtained when the aerial resistance is matched 
to the dynamic resistance Rg of the tuned circuit, i.e. when 





= Ra niet e 
vue 
)) (b) 
Fige 669 - Input cireuit of Fig. 670 =- Equivalent signal circuits 
first stage of amplifier. of Pig. 669. 


n R = RG csecccccrercervccsssecssocesssesscsncccces (6) 
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The equivalent circuits of Fig. 669 are shown in Fig. 670, the current 

circuit (b) being the easier to work with when noise calculations are re~ 

quired, since the use of conductances instead of resistances leads to a 

simplification of the algebra. t%r is the Transferred Aerial Conductance 

and is equal to 1° = Gr, From Fig. 670 (b) the mean square signal 
ne Ry né 

voltage at the grid is 


ve =n’, y2,,42 2 
3 »VgeeGp- — 4+, 
- : (46,+ G64)? : 


- r_ . +r a 
=, a BCoeeeereeeoereetesenseseen 7 
(tGr 4 Ga)? %s (7) 


and this is a maximm when tGr = Sa, This is the same result as that 
given by equation (6), in terms of conductances instead of resistances, 


It is now possible to see how the coupling between aerial and 
tuned circuit needs to be modified when noise is present. Considering the 
noise in the tuned cirauit alone, i.e. assuming for the moment that the 


valve is'noiseless, the mean square noise voltage Vat at the grid within 
n 


the band-width B is found from the equivalent circuit of Fig. 671. It is 


re ee RD) > ested iueiaseewerigeses: 8) 
ae (tr + Gaje 


Dividing (8) by (7), we obtain 


Cpe 
a > BG a. Fa) Seema serarvaesetenereserucses (9) 


svic tor + Gp - ve 


but for the ideal amplifier 





2 

Vi = KR = K eereraesseeseses (10) 
a ee ee 
sVie Vg Gy ve 


from (4). 





Fig. 671 = Equivalent noise Pig. 672 = Equivalent noise circuit 
circuit of fig. 669 (valve of fig. 669 with noisy valve, 
assumed noiseless). 


By definition, the noise factor F is the quotient of (10) and (9) so that 


Fe or a Od Ag 4 Ge 
Sr ey 
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It follows from (11) that there is no optimum coupling from the noise 

point of view, the value of F decreasing asymptotically to unity as tr 
increases. For the matched condition, -in which maximun signal is obtained 
at the grid, the noise factor F is equal to 2. This condition should now 
be awided and the transferred aerial conductance made as large as possible. 
The signal naturally suffers but the all-important ratio of signal-to- 
noise is improved. 


In RF amplifiers used in radar receivers it is customary to 
connect resistors in parallel with the tuned circuits to obtain the neces~ 
sary band-~width. In the case of the first tuned circuit this should not 
be done, for such a resistor would increase the dynamic conductance Ga of 
the tuned circuit and thus increase the noise factor; (equation (11)). 
The damping imposed by the transferred aerial conductance is usually 
sufficient to give an adequate band-width. 


11. Input Circuit Coupling with Noisy First Valve 


As an introduction to the effects of valve noise it will now 
be assumed that shot and partition noise are present in the first stage. 
The circuit of Fig. 671 is then modified by the inclusion of the valve 
noise generator between the circuit and the grid; (Fig. 672). Since 
this generator is a purely fictitious one, i.e. there is no resistance 
of value R, anywhere in the circyit, it cannot be transformed into an 
equivalent current generator and similarly there is no advantage in ex- 
pressing the equivalent noise resistance as a conductance. The mixture 
of current and voltage generators and conductances and resistances of 
Fig. 672 not only simplifies the algebra but also emphasizes the dist- 
inction between resistances which represent energy losses and those which 
are merely convenient mathematical devices for representing noise magni- 
tudes. ‘ 


It follows from Fige 671 and 672 that the mean square noise 
voltage at the grid in the latter case is 


TE Re ER, ceteeeseeseeeee: (22) 
oe (Gr + Ga) 


The signal voltage is unchanged by the introduction of the additional 
noise generator so that the mean square signal voltage is 


sve = (2G. Stee nf ve eevee evesrsoseeresetes (13) 
(tr 4 Gay2 
as before. 
Dividing (12) by (13) and then by (10) we obtain the noise factor :- 


; G, Gay? 
F =il1 + = + t = * d R PCSonveeenteesoee (2) 





. 


t e 


It is now found that there is an optimum value of G,, giving a minimum 
noise factor. If (14) is differentiated and the derivative: equated to. 
zero the optimum value of t6r is found to be :- 


L+x , 
tSr (opt) = Ga, x 


? where xX = Gg Re eeverese (15) 
and the minimum noise factor is :- 


F = 1 + 2x + 2. / x + x? PEPCK Tee Keser SHeHresEeeees (16) 


It follows from (15) that the best value of tr is always greater than that 
required for matching (tGr = Ga) since 1 +x _ is always greater than unity. 
x 


BAG 
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The noisier the valve, the greater the value of x and the smaller the 
optimum tGr, In the extreme case where the valve noise over-rides the 
circuit noise, (15) reduces to t@r = Gg, which expresses the obvious 
conclusion that when valve noise predominates the best signal/noise ratio 


is obtained when the signal at the grid is a maximum. 
B 


With a given value of dé 6 6 Mc 
equivalent noise resistance R, CONDITION 
the variation of noise factor 5 


and band-width with t¢r is show 
in Fig. 673. Curve F(I) shows 


the change of noise factor with ; AN 4 ee 

tGr when Lay os is absent, aa Ae hs | 
while curve F(II) shows the 3 ai 3|3 dé DOWN 
corresponding case in which Re= N= ai 

1400 obms, @ value which is ; r 
appropriate to a CV1091 valve. 
It will be noted that a trans- 
ferred aerial conductance which ip 


is slightly greater than the 
optimum is needed in the latter 






case to give’a band-width of o of of oy 04 of °°? 
4. Mc/s, the deterioration in MILLIMH © 

noise factor due to this being Pad 

oply 0-15 db, When other TORGEC ge 

sources of damping which have MID- BAND FREQUENCY =45 Mefe 

so far been neglected are CURVE T Rez O 

taken into account the band- BATONS Rec daene 

width is more than adequate Fige 673 - Noise factor and baad- 
when the noise factor is a width of cirouit of fige 672. 
mininun. 


We may use the curves of Pig. 675 to compare the noise factors 
under matched and optimum conditions. For the matched aerial F = 3°62 db, 
whereas the minimum noise factor is 2:36 db. This improvement of 1.26 db 
is equivalent to a 34% increase in transmitter power. 


12. Effects of Transit Time and Cathode Lead Inductance 


It has been shown in Chap. 7 Sec. 25 that at high frequencies, when 
the time of transit of an electron through the valve becomes an appreciable 
fraction of the input cycle, energy is absorbed from the input circuit. 
Alternatively it may be said that the valve has a finite input conduct= 
ance due to transit time. This transit time input conductance G; is 
‘effectively in parallelwith the tuned circuit, casu ng both a loge of 
signal and an increase in bandwidth. As stated in Chap. 15 Sec. 10, the 
mean square noise current at the grid within the frequency band B due to 
transit time only (Induced Grid Noise) may usually be taken as 


2 = LTB. 4." 8G. via 6.0.4 6:6a% 08 Wale bia Wiesner siedieieinclan (lL?) 
gin + 


so that the transit time input conductance is about five times as noisy 
as an equal physical conductance at the same temperature. The effect of 
transit time in the valve on the circuit of Fig. 669 is to add the noisy 





Fig. 674 - Equivalent signal Fig, 675 - Equivalent noise 
circuit of fig. 670(») with circuit of fig. 672 with 
addition of transit time con- addition of transit time 
ductance. (induced grid) noise. 
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transit time conductance in parallel with the tuned circuit, giving the 
equivalent signal and noise circuits of Figse 674 and 675 respectively. 


When transit time noise ani shot noise are ceubined as in Fig, 
675 it is net at once. clear that the linear addition of mean square 
voltages is valid, since such addition is strictly true only for ran- 
dem independent events such as neise contributions frem twe distinct 
sources, Now transit time and shot noise are net inlepemient, beth 
being preduced by the same electron stream; however, a mere detailed 
study of the frequency spectrum of the noise shews that for any given 
cemponent of this spectrum the transit time and shet noise are effeot- 
ively in phase quadrature, at least for the small transit angles 

encountered in practice. The mean square voltages may thus 
be added linearly to give the tetal effect,.just as if they were pre- 
duced by independent scurces. 


In any valve eperated with its cathode neminally earthed 
(grounded-cathede cireuwit) it is essential te have a certain length of 
lead between cathode ani earth, if only te prevant undue cenduction of 
heat from the hot cathode to the seal threugh the glass. This cathede 
lead pessesses inductame which affects 
the input impedance of the stage. 
Referring te Fig. 676, if ly is the 
inductance of the cathede lead and Cx 
the grid-cathode capacitance, then 
it has been shown in Chap. 7 Sec, 25 
that the input: cemiuctance is :- 


Gy = wee Iy ° Cex o G. 
FPS CES SS OOO SS 86:8 22.9. (18). 


This is the conductame which is 
in parallel with the input circuit 





at the dotted line PQ of Fig. 676. Fig, 676 - Input circuit of 
The input circuit to the left of Cele eis stage showing 
PQ may be replaced by a current cathode lead iniuctance. 


generator in parallel with the 
output cenductanse G, 20 that the equivalent sigml circuit is that ef 


Fige 577s 


It ia now necessary te consider what neise generater (if any) 
should be associated with conductance Gy. A distinctien must be made 
between the shet neise and partition neise which have hitherte been 
lumped together in a single noise generater, since the shet noise cur- 
rents are present in the cathede lead whereas the partition noise cur- 
rents are net. (See Chap. 15 Sec. 15). If the frequensy spectrum of 
the shot noise is considered, any one cempenent ef this spectrum will 
produce a voltage soross trig. 676), and will thus be injected inte 
the series circuit formed by Ix, Cy, ani the input circuit. A cen- 
sideration ef the amplitude of the resultant current shows that the 
voltage developed acress Cgy produces negative feedback of the neise 
and that the magnitude of this feedback is correct if the shot noise 
generator is placed as in Fig. 678 and the input coniuctamee G; is 
noiseless. ‘The noise present in the circuit to the left of PQ in 
Pige 676 is represented by the current generater a and Rp, the 
partition noise generater,is placed in its usual position,since such 
Teise is net subject to feedback. 


Suppese that for the moment partition noise is neglected; 
then the mean square signal voltage at the grid (Pig. 677) is: 


2 
(c, + Gx)? 
while the mean square noise voltage (Figs 678) is: 


GA 


eseeseaneanes weasesee (19) 


ee = 
sv’ = ais 
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Fig. 677 ~ Equivalent signal Fig. 678 - Equivalent noise circuit 
cireuit of fig. 676. of fig. 6 


2 
= pt Bay: BBs is (00), 


Go + Gg)? Go Gg 


The noise/signal ratio is therefore: 








2 eo 2 
nv oe, 436 ‘ KR. Go se paqaaase was veteuae i weaal el jy 
et as i*é 


which is independent of Gy and is therefore the same as if Gy were absent. 


Since the current generator of Fig. 678 includes the effect of transit time 
it follows that the inverse feedback due to cathode lead inductance affects 
all sources of noise except partition noise, 


It should be remembered that the conductance’ G, of Figs. 677 
and 678 is made up of the transferred aerial conductance, the dynamic 
conductance of the tuned cirouit and the transit time conductance; in 
fact the portions to the left of FQ are a condensed representation of 
Figs. 674 and 675 respectively. The complete circuits are thus as shown 
in Figs. 679 and 680. 


From Fige 679 the mean square signal voltage at the grid is :- 

as 2 ye +02 

v2 ee een where G = t°r + Ga + Gt + GK 

s G2 
: Peeercraseresereseerereventese (22) 
and the mean square noise voltage (Fig.680) is 

i 7 KlLGr 4 Ga 48 Gt) 4 KR, (tr + Ga a St)? +KRp 

Ge : qe 





eerste eeteeecesereereeteereves (23). 


The noise factor is given by :- 


Fei+e 4 448 oes (Sr + Gay St)? 2 $53 
G G on 


tr Sr t°r 


SECS SHSHSHTHTHET EOS HREOC BELED (24). 
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Equation (2) shows that the conductance Gy affects the noise 
factor only by its presence in the total conductance G in the last term, 
and this term is the one involving the equivalent partition noise resistor 


The curves of Fig. 681 have been calculated for a CVLO9L 
valve at a frequency of 45 Mc/s, the appropriate values being :- 





Fig. 679 = Equivalent signal Fige 680 = Equivalent noise 
cirouit of fig. 674 with addition circuit of fig. 675 with addition 
of conductance due to cathode of noiseless conductance due to 
lead iniluctance. cathode lead inductance. 

Ga = 0-05 millimho Rg = 400 ohns 

G, = 07045 " R, = 1100 chms 

Ge= 0-065 * Total C = 13 pF. 


Owing to the increased damping due to G, and Gy the matched condition is 
now given by := 


tr = Ga + Ge + Gx COSHH O SESS SEHES VEL EHTS HERE SE TOS (25), 


ie. t¢r = 0-16 millimho, and, 
the noise factor for this power f 8 
match is 5°14 db, The minimum dé 
noise factor is 4:28 db and this 
4s obtained for tGr = 0-5 milli- 
mho. The band-width at the 
minimum noise condition is 8°) 
Mc/s and this should be compared 
with the simple case of Fig.673. 4 
The wider band is mainly due to 

the increased tr needed to give 7 
minimum noise factor, but is 

also partly due to the greater 
damping caused by the finite é 
input conductance of the valve. 


13. Operation at Higher 








' 
1 
MATCHED 
! 
t 


O74 
PN 


Frequencies 
° O-5 lo tor 
The input conduct- 
ances due to transit time MILLIMHO 


and the inductance of the 

cathode lead both vary as the Fig. 681 ~ Noise factor ani bandwidth 
square of the frequency so thet of airouit of fige 669 including 

if this frequency is increased effects of transit time and cathode 
from 45 Mo/s to, say, 180 Mc/s; lead imiuctame., 
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‘both conductances are increased by a factor of 16. Gy at this new 
frequency thus becomes 0°72 millimho and Gy, 1°04. millimho, Assuming 


that it is possible by suitable circuit construction to keep the dynamic 
conductance of the tuned circuit at about the same value although the 
frequency is increased, this dynamic conductance will be so much less than 
the input conductance of the valve at 180 Mc/s. that it Will have little 
effect on the noise factor and bandwidth. 


=f (24) is differentiated and the result equated to zero the 
transferred aerial conductance for minimum noise factor is found to be':- 


2 ee BOS Bae as SE ee Ga 


Rg + Rp 
eevcnesterevercesrasesece (26). 


Neglecting Gg and using the values for G, and Gy previously quoted, viz: 
0°72 and 1°04 millimhosrespectively, the optimum value of tr is 2°14 
millimhos and the substitution of this in (2h) yields the value 10+¢8 db 
for the minimum noise factor. This is about 2 db better than the 
experimental figure for the CV1O91 at 200 Mc/s. 


It is possible to calculate the contribution of partition 
noise to the noise factor, If it were practicable to eliminate partition 
noise, Rp would be zero in (24) and (26) and the optimum values of ¢Sr 
and F would then become 3-1 millimhosand 6°0 db respectively, Partition 
‘noise is thus responsible for a 58 db loss in signal/noise, ieG@e a 
virtuel waste of 74% of the transmitter power. This fact leads to two 
possible lines of development: (i) the redesign of the pentode to reduce 
the partition noise as much as possible; (ii) the use of a suitable 
triode as a RF amplifier instead of a pentode, 


Considering the first alternative: the high noisé factor 
of the pentode is due to two interdependent causes: (1) the presence of 
partition noise; (2) the negative feedback due to inductance of the 
cathode lead which favours partition noise. In the OV1136, the cv1O9L 
type of construction has been retained but the cathode is taken to four 
pins in the base instead of one. ach of these multiple cathode leads has 
about the same inductdnce as the single lead of the CV1O91 so that the 
effective cathode lead inductance is only about one quarter. At the 
same time the screen current is reduced by aligning the grid and screen 
wires, thus reducing the partition noise; (see Chap. 15 Sec. 9). ‘The 
equivalent partition noise resistance is thereby reduced to about 500 ohms 
instead of 1100 ohms for the CV1091. In practice, however, the CV1136 
does not give the improvement in noise factor to be expected theoretically. 
Measurements have shown that the input conductances of the two valves are 
not substantially different, and the improvenent, which is about 1 db 
at 45 Mc/s and 2 db at 180 Mc/s, is largely due to the reduction in 
partition noise, These are average values, and owing to production 
tolerances it is not unusual to find a particular CV1091 which gives a 
lower noise factor than a particular CV1136. 


at frequencies of the order of 200 Mc/s the inductances of the 
screen and grid leads become important; the inductance of the latter,’ 
for example, is approaching series resonance with the grid-cathode capaci- 
tance so that the input impedance of the valve as seen from the pins is 
lower than thet actually present at the electrodes. The simple circuit 
of Fig. 669 thus needs to be replaced by a fairly complicated network and 
the noise factor is no longer amenable to easy calculation. This accounts 
for the discrepancy of about 2 db between the calculated and measured noise 
factors of the CV1lO9 at 180 - 200 Mc/s and also, possibly, for the relative- 
ly small difference between the CV1091 and CV1136. 
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the presence of the screen lead inductance means that the 
sereen is losing its effectiveness since its potential may no longer be 
regarded as constant, and in general the pentode ceases to be a useful 
amplifier above about 200 lic/s. 


14. The Grounded-Grid Triode 


it has already been noted that the elimination of partition 

noise would bring about a considerable improvement in noise factor. A 
triode has no partition noise but cannot be used in the conventional 
grounded-cathode circuit owing to the feedback which would occur through 
the grid-anode capacitance. If, however, the triode is used in an 
inverted amplifier or grounded-grid circuit, the grid will, if a suitable 
valve construction is adopted, act as an electrostatic screen between the 
input and output circuits (Fig. 682). 


‘it has been shown in Chap. 7 Sec. €0 that the input admitt- 
ance of such a stage is 


ef) 3 PT il 
Ji “Ratz” PHSOSHHSHSE SERS MELEE H ESE SOE OO EEE (26), 
where 
is the amplification factor 
Rg is the anode slope resist- 
ance 
and 27 the load in the anode circuit. 


Over the pass band of the amplifier 


the anode load may be regarded as a 

pure resistance Ry so that the input 

admittance is thus a pure conduct- 

ance of value ie. 3 


G = a+ vigudst 27s 
* "Ra + Ry 
Fig, 682 = Input cireuit of 

The signal circuit is therefore as grounied-grid stage. 
shown in Fig. 683 and is the same as 
Fig. 679 with G; replacing SK. A 
typical value of Gy is 5 millimhos and the effect of this in parallel 
with the.tuned circuit is to produce such heavy damping that bandwidth is 
no longer a problem. 


The shot noise currents flow through the input circuit and 
thus produce negative feedback voltages across it. These voltages are 
developed across a resistance so that the mechanism is different from that 
of the inverse feedback produced by cathod¢d lead inductance in the circuit 
of Fig. 676. The result is the same, however, and it is found that the 
equivalent circuit of Pig. 680 is applicable to the grounded grid triode 
7 5a is replaced by G, and the partition noise generator amitted (Fig. 

4) KR 





Fig. 683 = Equivalent signal Fig. 684 = Equivalent noise 
clreuit of fig. 682. circuit of fig. 682. 
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the noise factor of the stage is obtained from (24) by putting 
Rp = 0, and the optimum value of tSr is likewise obtained from (25). 
This has already been done in the discussion of the contribution of partit~ 
ion noise to the noise factor of a CV1091 at 180 lic/s, The results 
were: tr = 3-1 millimhogand F _ 6 db. Thus if the transit time con- 
ductance is the same in the two cases (a not unreasonable assumption) a 
grounded grid triode gives the same noise factor as a pentode without 
partition noise. The replacement of a pentode by a grounded grid triode 
at 180 Mc/s would thus lead to an improvement of 58 db in signal/noise 
ratio, in other words, the virtual loss of 74% of the transmitter power 
would be eliminated, 


In all the preceding discussions on noise factor the noise 
generated in stages other than the first has been neglected. Just as it 
is possible to represent the shot and partition noise of the first stage 
by an equivalent noise generator at the grid, even though these are 
produced in the anode circuit, so it is equally possible to represent all 
noise generated within the amplifier band-width by subsequent stages by 
a fictitious noise generated at the first grid, It is merely necessary 
to assign to this generator a mean square voltage which will produce the 
same noise power in the output load, The second stage of the amplifier 
will be the most important so that the mean square voltage of the 
equivalent noise source at the first grid is defined as KRos This 
generator will be in series with the partition noise generator in Pig. 
680 and will replace it in the corresponding equivalent circuit for the 
grounded grid triode. Fig. 684 is thus modified to Fig. 685 by the 
addition of this extra noise source. 


The exact value to be assigned to Rp will of course depend 
on the gain of the first 
stage as well as the 
noise generated by the 
second and following 
stagese A numerical 
example will illustrate 
this and emphasise the 
difference between a 
pentode and a grounded 
grid triode as the first 
stage. At 45 Mc/s a : 
typical value for 25 Pig, 685 = Modification of fig. 68% by 
Fe tO OTB) 4 20 ene the addition of equivalent noise generator 


case of the CV1091 this 
is in series with the for subsequent stages, 


1100 ohms partition 

noise generator and is thus merely equivalent to increasing the latter 
by about 1, an entirely negligible amount. On the other hand, in the 
grounded grid triode the signal and noise generated in the first stage 
are so reduced by the high degree of negative feedback that noise gene- 
rated in the second stage begins to become important. 





Re-writing ejuations (24) and (26) for the grounded~grid 
triode we obtain :- 


Pols G+ 4-8 G+ (t+ Cas %)? poe Rr 
+r te yey ie 
eevee seeveecee (28), 


where G=t9r + Ga4 S44 Si» 
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2 
and £oF z (St + Ga)* Rg + (St + Ga + Gi) Ro + 48 Gt + Ga 2... (29). 
Rg + Rg , 
The low value of Ry is to a large extent offset by the high value of G; 


occurring in its Coefficient. The variation of F with t[r is plotted in 
Fig. 686 for the two oases Rj = 0 and Ry = 10 ohms, the other values being:- 


Gq = 005 millimho 


+ 
Gy 


These are 
typical of the cV66 
which is similar to the 
CVLO91 and CV1136 in MATCHED 
external appearance, 


G, = 0°05 millimho 


5 millimhos. 


Referring 
to Fig. 686, owing 
to the high input 
conductance at the 
cathode the value of 
tr for the matched 
condition is 5«1 
millimhos and it is 
essential to have a 
considerably smaller 
value than this for 
minimum noise factor. 
This should be com- 
pared with Fig. 681 
for the CV1O91. MILLIMHO 
The improvement in 
noise factor between 
the CV66 and CV1091 
is almost exactly 1 





CURVE 1? A, £0 
CURVE I! Ag 1108 


db without the. Pig. 686 = Variation of noise factor of 
noise produced by clrowit of figs 682 with transferred 
the second stage the aerial coniuctance,. 


improvement would be 
0°75 db greater. 


As the frequency of operation is increased all stages of the 
amplifier become’ more noisy, so that not only does G, increase but R, also. 
It is therefore not to be expected that a grounded grid triode will éver 
give a performance comparable with the theoretical pentode without parti- 
tion noise. At 180 Mc/s the CV66 has a-noise factor of about 7 db com 
pared with 10-8 db and 6 db calculated for the CV1091 with and without 
partition noise respectively. At frequencies of the order of 600 Mc/s it 
is no longer possible to think; of valve and circuit as separate entities; 
they must be designed together as a composite whole and every effort must 
be made to keep the electrode clearances to an absolute minimum in orier 
to prevent transit time noise rising to an inordinate value. It should 
be remembered that the transit time conductance for any given valve 
increases by nearly 200 times between 45 Mc/s and 600 Mc/s. Valves such 
as the CV88 and CV153 which are grounded-grid triodes specially designed 
for high frequencing working give noise factors of about 10 db st 600 Mc/s. 
Typical curves illustrating the variation in minimum noise factor with 
operating frequency for four valves are shown in Fig. 687. The circuit 
arrangements for different frequencies and the noise factor of the receiver 
as a whole are further discussed in Sec. 31. 
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FREQUENCY CONVERSION (MIXING) 
15. General 


Some reasons 
for employing the super- 
heterodyne principle in eee ee 
radar receivers are given 
in Sec. 5. These may be 
restated and amplified as 
follows :- 


Lee 

aires Bd ey 

= Ba eae 
Pea 


employed. 
no useful 
signal 
frequency 
amplifi- 
cation is 
possible 
so that 
there is 
no alter- 
native to 
the super- 


heterodyne Fig. 687 - Variation of noise factor 


principle 
a ee with operating frequency. 


mixer must 

of necessity 

be the first 

stage in the receiver. 





(ii) It is much easier to obtain the necessary pass band 
characteristics if the anplification takes place in a 
fixed frequency or pre-tuned amplifier. This is normal 
communications technique but there is an even greater 
necessity for maintaining constant amplifier performance 
in radar reception (see Sec. 37). 


(441) The problem of selectivity, so important in communications 
work , is considerably simplified by conversion of the 
signal to a lower "intermediate" frequency, However, in 
radar the question of distinguishing between two closely 
separated signal frequencies does not normally arises 
Such interference as is experienced in radar working 
is usually of a different nature and is not dealt with 
in this chapter. 


The higher the carrier frequency the greater the problem of 
obtaining amplification while maintaining stability. From this point 
of view it is advantageous to introduce the frequency converter at the 
earliest possible point in the receiver. However,the actual position 
occupied by the converter or "mixer" has to be considered fron the point 
of view of obtaining the maximum signal/noise ratio in the receiver as a 
whole; (see Sec. 2). 


It is intended to deal here with the basic principles of 


frequency conversion within the frequency range in which conventional 
valve structures (e.g. vehtode, hexode) are used, Great detail will not 
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be entered into since such frequency converters have no extensive radar 
application and the subject is dealt with in many standard works. It does, 
however, form a useful introduction to the basic principles of the Two- 
Pole Converter (diode, crystal} which can be used at much hizher fre- 
quencies. Neither pentode nor hexode mixers are commonly employed in 
Service radar receivers operating on a radio frequency higher than 50 Mc/s, 
since they are too noisy to use unless many stages of RF amplification 
have preceded the mixer stage. Triodes are usable as single~input mixers 
at frequencies up to about 200 Mc/s, but because of their Large input 
capacitance they are replaced at higher frequencies by diodes. Diode 
mixers are cammonly used for signal frequencies frou 50 lic/s - 500 kic/s. 
The input capacitance and cathode lead inductance of diodes prohibits 
their use in the centimetre band; neither can be reduced indefinitely 
while sufficient emission is maintained, and ultimately crystal mixers 
must be employed, Although these are relatively inefficient frequency 
converters they are the only type which present sufficiently small input 
capacitance to the RF signal while still possessing a workable value of 
conversion efficiency. 


16. Fundamental Principle of Frequency Conversion 


The underlying principle of frequency conversion is to feed 
into the mixer (a) the incoming signal and (b) an output from an un- 
modulated Local Oscillator, i.e., an oscillator situated in the receiver, 
The output from the mixer contains a number of frequencies one of which 
is the required intermediate frequency. 


In order to introduce into the output voltage or current 
frequencies which are not present in the input, the mixer must be a device 
which is effectively non-linear. Por example, suppose that the sigal 
voltage v, applied to the mixer may be represented by ;- 


A 
Vs = V5 COs Ww. t eseeesveeeeseesresoesaetoereeeee (1), 


and that the local oscillator voltage ve is given by 


A 
Vv = V, cosW t PeeesaresaeteeceFeaosteseeneses seuss ese (2). 


° ° 


If these are added together the result is 
Vo= Vg + Vo = 4, cosW, t + a COBW, & aevcee (3)5 


which is the voltage that would result if the signal and local oscillator 
output were applied in series to the mixer. Now let a resultant current 
i flow in the mixer output circuit as a result of the voltage v at the 
input; then if the mixer is linear, 


— by v (where by isa constant) sescesereaceaseceee (4) 
or iL = by v. cos W gt + by Vo cosw ot weeensseoereasozrese (5), 


showing that the output contains components of two frequencies only, 
namely, the signal and local oscillator frequencies, no new frequency 


having been produced, 


The simplest non-linear case that may be considered is the 
addition of a term involving v@ to (4), i.¢. 


i = by v+bp v? (where by is a constant) «++... (6). 


Substituting from (3), we obtain 
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i = by (¥s5 COsW.t + 5 cosWot) + by (%z coswst + 
§,~0sWot)* 
and, after expansion, this may be put in the form 


A A 
i.s BL Ya cosw,t+ b] ¥, cos 4t 


A A 
*é Ly (¥52 + Yo?) 
*% by ¥,? cos 2wW5t + hy To? cos 2Wot 
+ 2 bo Ts Yo ° cosw .t . cost Peoeecerscrsccene (7). 


The linear term in (6) gives signal and oscillator frequency 
components as before. The quadratic term gives rise to :- 


{33 a DC component; 

2) second harmonic canponents of signal and oscillator 
frequencies; 

(3) a product term (the last in (7)) which on further 

expansion gives 

by Tg Vo cos we, “Wo)t + bo Ts % cos &, +,) ty 


and therefore represents components of two new frequencies, which are 
respectively equal to the difference and sum of the signal and oscillator 
frequencies. (1) and (2) might have been expected, since a non-linear 
device is to some extent a rectifier, while operation on a curved 
characteristic always gives rise to harmonics. The terms involved in 

(3) are those fundamental to the frequency-changing process, the difference 
term usually being chosen for IF amplification. If equation (6) is 
extended further to include terms of higher order in v, viz :- 


ve bv + do v2 + bz w + by vee eons 5 Seneeeaees (8) 


the output current will include not only signal and oscillator frequencies 
and their second harmonics but also a whole series of "mixing" components 
of angular frequencies + (mw, + nw) where m and n may take independently 
any integral values from zero upwards. If the signal is of very . small 
amplitude compared with the local éscillator input (i.e, Vo> Vg) the only 
mixing components of appreciable amplitude are those for whichm=1, i.e. 
those of angular frequencies + @w, nw). n=1 gives the sum and 
difference frequencies which can be called "first order" mixing components, 
while the frequencies for which n = 2, n = 3, etce, may be called "second 
order", "third order", etc., respectively. 


For a signal frequency f., local oscillator frequency fo. and 
‘intermediate frequency f; there is thus a general relation, 


fg*#nfp=* fy 


giving 7 . 
£ = Js t fy Corer esesecsevseoreseee (9). 
n 


Thus for a signal frequency of 200 Mc/s and an IF of 45 Mc/s possible 
values for f, are :- 
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a) 155 or 245 Mc/s (1st order mixing); 

bd) 77°5 or 122*5 Mo/s (2nd order mixing); 
c) 51°7 or 82°7 Me/s (3rd order mixing); 
etce 


So far nothing has been said about the relative efficiencies 
of the different orders of mixing. This will depend upon the character- 
istic of the mixer, but in general it may be said that the efficiency falls 
off ‘considerably with increasing order, (The efficiency can be roughl 
defined here as the IF output current for a given signal voltage input. 

In practice therefore it is usual to employ first order mixing,although 

in some cases higher orders are-used. For example, it may not be con- 
venient to use an oscillator with a sufficiently high fundamental fre- 
quency to make first order mixing possible. Alternatively the LO fre-~ 
quency might be reduced in order to provide a wide tuning range, since 

the change in frequency of the nth harmonic is n times the change in the 
fundamental frequency. (A relatively wide tuning range is more easily 
obtained at lower frequencies, since the effects of stray capacitance, lead 
inductance, etc. are less important.) 


Non-linear devices are readily available in the triode, pen- 
tode or hexode which have curved mutual characteristicse The analysis of 
frequency conversion with such devices is comparatively straightforward 
provided that it is assumed that the input impedance is infinite and that 
there is no coupling or interaction between input and output circuits. 
The inherent difficulties of the problem of the two-pole converter arise 
from the fact that in this case these assumptions are no longer valid. 










RF 
SIGNAL 
INPUT 


LOCAL 
g OSCILLATOR 
INPUT 





— 
GRID CURRENT 
STARTS 


Fige 688 ~ Pentode as single 
input mixer. Pig. 689 - Mutual characteristic 


of pentode of fig. 688, 


17. The Single-Input Mixer 


A simple frequency converter (sometimes knowm as a Single- 
Input Mixer) using a pentode is shown in Fig. 688. The term Single Input 
is used to denote the application of both signal and oscillator voltages 
effectively in series between the cathode and one other electrode, in this 
case the control grid, The mutusl characteristic is shown in Fig. 689 
and it ia assumed that the working point never rims the valve into grid 
current nor beyond cut-off, i.e. it always lies between A and B on the 
characteristic. 


The analysis is simple if it is assumed that the characteristic 
between & and B is parabolic, so that the anode current for any given 
value of grid~cathode voltage Vg is given by :~- 
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in = kK (t* an Po SORaH SHES OS ESCH HHOSESE (10) 


where V, is the cut-off voltage. Bias of value Vg is applied to the 


valve so as to bring the mean position of the working point about half way 
between A and B, The instantaneous grid voltage is then 


Veg = Vg + v5 cost + To cosW ot Pee aseeerseves (11). 
It is convenient to write 

<i T Ve+v POCO OHO RHEE HHH T HE HEH DEEDES TEE rEOS (12) 
where v= v5 COSY ot + t, coswt eoreescecorasece (13). 


and if Vg + v is substituted for vg in (10) the result may be written in 
the form i= 

i, = Do + bv + bev" Pe eK CSO Ce TET ESE EHS ECOET EEE (24). 
Equation (13) is identical with (3) while (14) differs fran (6) only hy 
the presence of the constant term bo, representing the direct current at 
the bias point. The resultant anode current is therefore obtained from 
(7) merely by adding b, to the right hand side, and as before the anode 
current’ contains first “order mixing components. . Since the anode load 
presents an appreciable impedance at one frequency only, in this case the 
difference frequency, the voltege developed at the anode consists almost 
entirely of the component at this frequency. 


A useful’ concept in mixers using valves of the conventional 
type is the Conversion Conductance, G, which is defined as :- 


‘Gq = peak value of If current in anode circuit . 
peak-value of signal voltage applied to the valve 


This corresponds to the mutual conductance when the valve is used as a 
‘straight amplifier. Comparison of (10) and (14) shows that b, = k 
while the amplitude of the IF component is bo 4%, % so that the 


conversion conductance is 
Ge = ky Yo Soe se weseese sess esas eseves eeeeusesreees (15). 


Clearly the best conversion is obtained when the oscillator input voltage 
is the maximum possible which, if the working point is not to move be-’ 
yond the limits AB, is, Vs - Vg, 50 that the maximum possible conversion 
conductance under these Sonditions is 


G Kk (Vg - VQ) couigeen Seka eteesvdseeues decease (LO). 


c = 
From (10) the mutual conductance G, at the bias point*is 
Gy = 2ky (Vp - Vg) SeSE Coe sesso seseseseneoacerar (17), 


80 that the process of conversion has only half the voltage efficiency of 
straight emplification. The figure of one-half naturally holds only 
for a parabolic characteristic under the stated operating conditions, 

but the general result is true for any single-input mixer, namely, that 
Ge is always less than Sn for the same valve and the same mean anode 
current. 


In practice the mutual characteristic is not parabolic, also 


the working point may move beyond cut-off, so that the relation between 
i, and v involves terms of higher degree than the second, viz :- 
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4, = bo + bv + boy" + bgvd + dV + esas y ceceeeee (18). 
Under these conditions higher order mixing components are 
present in the anode circuit. 


The disadvantages of single-input mixers are well mown. The 
oscillator voltage must be sufficient to swing the working point between — 
the limits of the mutuel characteristic otherwise conversion is inefficient, 
If the limits are exceeded grid current flows and damps the signal input 
circuit; hence the local oscillator input voltage is critical. Coupling 
may occur between the signal and oscillator circuits through the grid- 
cathode capacitance, causing interaction between the two tuning controls. 
The use of a multi-electrode valve with independent application of the 
signal and local oscillation to separate grids which are electrostatically 
screened from each other minimises this objectionable tendency as well as 
eliminating any chance of grid current damping the signal circuit. Such 
a system may be referred to as a Double~Input Mixer. 


18. The Double-Input Mixer 


An example of a 
double~input mixer is shown in 
Fige 690. The signal is 
usually fed to the first grid LOCAL OSCILLATOR 
and the local oscillation to eM 
the third; in some mixers these 
feeds are interchanged. 


In considering SIGNAL 
the operation of this mixer a 
it is essential to examine the 
implications of the term 
“effectively non~linear". Fig. 690 = Typical double-input mixer 
The mixing action does not cireuit 
depend on curvature of the 
mutual characteristics connect- 
ing anode current with either first grid voltage (v,) or third grid 
voltage (v3) These may be ideally nepresented by straight lines; 
(Fig. 691)< If instead of the one characteristic of Fig. 691(a), a set 
is taken for different values of third grid voltage, the results are 
approximately as shown in Fig. 692. The characteristics are all straight 
lines with a common ‘cut-off voltage but their slope depends on the voltage 
applied to the third grid. It is thus possible to write 





in = Gy (vy = We ) POH CH OES OM EHO HEF OCH SEED EOE ERED (19), 


where G,, the mutual con- én 
ductance referred to the t 
first grid, is a parameter (%, CONSTANT ) ¢ ( U_ CONSTANT) 
depending on V3 and 3V, 
is the cut-off voltage. 
The simplest variation in 
Gy which may be onsidered 
is linear, i.e. 
¥, vy 


G s A (v5 = 3V,)-+. (20) 
which combined with (19) Pig. 691 - Ideal matwal characteristics of 
gives double-input mixer. 


= A (¥y- Me) (5 - Ho) ceeeeeseeseeeseeseeneee (21) 
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Setting v5 and vy constant in turn will give the linear relations expressed 


graphically in Figs. 691 (a) and (b), Both first and third grids carry 
bias in addition to their respective oscillatory inputs, so that :- 


‘ aA 
= Vz + Yo cos it COTES HHH CHR Hee HHO eH HOHE EOEEED (22), 


Vv 
3 
with a corresponding equation for vy° 


Substitution in (21) and subsequent rearrangenent yields the 
equation for the anode current in the form :- 
i, = ay + ap Vy coswgt + az¥, cOSWot + aj %y Fz coswst coswot 
eve esaereeesrereserececes (23). 


The last term of this equation gives rise to the two first order mixing 
terms :~ 


A A A A 
- ay Vs Vo 008 @, - 9) t+ - 8), Vs Vo 008 @, +, )t aweus hele) 


Thus, although both mutual characteristics are linear, frequency changing 
occurs. 


There is no paradox 
in this. With a single input 
mixer there are two variables . 
only, i, and v,, and the a 
relation betweén them is re~ 
presented by a curve dram in 
two dimensions, i.e. the’ 
mutual characteristic. If fy, mcnean 
this characteristic is straight, 
no frequency conversion occurs; 
if it is curved, frequency 
conversion takes placee In the 
case of a double-input mixer : 
three variables are involved, 
= - - a - os . Fig, 692 ~ Variation of 4, =v, 
etween them can be expressed by 
a three-dimensional graph, i.e¢. characteristic with Vze 
a surface. The equation of 
this surface is that of (21), 
and although lines dravm on it for constant values of v, and vz are 
straight the surface itself is curved. If the surface were plane, 
equation (21) would be replaced by one of the form:~ 


ig =zepegq VL + avs COCR CORES ees Oo Eee ere eeEHHeaL Oe (25), 


which would give no frequency=changing components. The term “non-= 
linear" as applied to a characteristic should thus be used in its more 
general sense when double-input mixers are considered, 


The mutual conductance G, referred to the first grid may be 
defined as the partial differential coefficient 8i, (v5 constant) and 


avy 
partial differcntiation of the planar characteristic equation (25) gives 


Gy eaBqs constant OTE MOSS DHHS r OC EO HEHE REHOOOE (26), 


Differentiation of (21) will of course give (20) which expresses the 
variation of slope G with vz. Thus it may be said that for frequency 


conversion to take place the mutual conductance Gy must be varied at the 
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oscillator frequency, That this applies equally well to the single-input 
mixer can be seen from Fig. 689 where the working point swings at the 
oscillator frequency between the limits A and B, i.e. between one point 
where the mutual conductance is low and another where it is high. 


From (24) the conversion conductance Gg for the double-input 
mixer is > a1%o which again depends on the- oscillator amplitude, Under 


the sean assumed here the maximm G, is obtained when the third 


grid voltage just swings between zero and cut-off, The variation of, G, 
with time is then as show in Fig. 693 and os may be called Class A’ 
Operation. 


Ge 





° 
Fige 693 - Class A operation Fig. 694 = Class C operation of 
of double input mixer. deovble~input mixer. 


It is found that a larger conversion conductance can be 
secured if the valve is driven beyond third grid cut-off during the 
oscillator cycle. This may be called Glass C Operation, and is illus-~ 
trated in Fig. 69. In this case the variation of with time is no 
longer sinusoidal, but since it is periodic at the oscillator frequency 
it may be expressed as a Fourier series := 


G, = By + 8, COBW ot + Bp COB 2Wot + gz COS FWot + wee y ++ (27). 
With this substitution, (19) becomes 
da = (So + & COBWot + Zp COS 2Wot + gz COS JW ot + weewee) 


(Vy ~1Ve + ts cos Wt) eorerecasseors (28), 


where V, is the bias on the first grid, When (28) is expanded it contains 
product terms of the form :-— . 


En Ts cosw,t . cos nit; (n= 1, 2, 3, etc). 


n= 1 will give the first order mixing components, n = 2 the second order 
and so one With n= 1 the conversion conductance for first order mixing 


is found to be :- 


G = Sete ees eseeeFEOSesersereseseoBDeneeeeresesoRN (29). 


°c 8, 


nie 


The value of 2 depends on the bias and the amplitude of the oscillator 


voltage applied to the third grid. If this bias is obtained by cl amping 
at this grid (see Chap. 12), so that the third grid voltage never rises 
appreciably above zero, the first order conversion conductance varies with 
the amplitude of the oscillator veltage in the manner show in Fig. 695. 
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For increasingly 
higher orders of mixing the 
conversion conductance falls 
off rapidly unless the é 
oscillator voltage is of . 
very large amplitude, 

Measurements taken under 
typical operating conditions 
with a reasonable value of 
osciliator voltage gave 
relative values of 12, 6 and 
1 for the conversion con- 


ductances for first, second ° a aaa a 
and third order mixing re- o 
spectively. 
19. The Two-Pole Converter Fig.605_ Pirst order mixing : varia- 
tion of conversion conductance with 
Conventional amplitude of oscillator voltage, 


frequency converters are not 

in general suitable for 

radary equipments operating at signal frequencies above about 200 Mc/s. 
For conversion at these frequencies the conversion element is a diode or 
a crystal; i.e. a two-pole converter. 


The problem of analysis of the two-pole converter is consider- 

ably complicated by the fact that the signal frequency input, local 
oscillator input, converter element and IF output load are all in seriese 
There may also be a steady voltage source in the circuit to provide bias; 
this is show as a battery in the basic circuit of Pig. 696. The | 
assumption of independence of input and output no longer holds, but in 
order to reduce the problem to manageable proportions it is necessary to 
make certain simplifications, namely :~ 


(1) the signal is derived from a circuit the inpedance of 
which is zero at all frequencies not close to the signal 
frequency, where it may be regarded as resistive; 


(2) the impedance of the IF circuit is similarly resistive 
close to the intermediate frequency and zero for all 
other frequencies; 


(3) the effective local oscillator voltage is assumed to be 
injected from a source of negligible impedance at all 
frequencies; 


(4) the amplitude of the applje@ local oscillator voltage is 
very much greater than the amplitude of either the signal 
or IF voltages; 


(5) the susceptance of the converter element is zero. 


The above assumptions naturally limit the general application of the 

analysis, but to a first approximation they appear to give a satisfactory 
explanation of the conversion process. The equivalent circuit is shown 
in Pig. 697; it should be remembered that R exists only for the signal 


frequency and Ry only for the intermediate frequency. 


Suppose that the oscillator voltage is applied without any 
signal; then there will be no voltage drop across Rg, which is effective 


at the signal frequency only. Since there is no signal input no IF 
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DIODE OR CRYSTAL 





SIGNAL INPUT 
1F LOAD 
OSCILLATOR INPUT 
f--4 
BIAS 
Fig. 696— Fig. 697. 
Basic circuit of two-pole Equivalent circuit of two- 
converter. pole converter. 


canponent is present in the circuit so that no voltage is developed across 
Ry The waveform of the current through the converter element is then 


obtained by the usual construction of Fig. 698. One cycle only is shown 
in this figure; several cycles are drawn in Fig. 699. If the equation 
of the converter characteristic is :- 

ig =f (v) SCHREHSSHHEHSESHESTSTSOOHHESCSE HE SH SEFTHSTOHEHEEEHES (30), 


and the voltage v at any instant is 





TIME 


Fig.698— Current pulse in converter circuit when oscillator 
voltage and bias only are applied (one cycle only 
shown). 


Vea Vo + % cos Wot Core ee sorereveceesesenesrecees (31), 
the instantaneous current is 
4, =f (Vo + %, 008 Wt) CO rode esr seHeeseseeersenee (32). 


This is the equation of the current waveform of Fig. 699(a) and can be 
expressed in the form of a Fourier series :~ 


ils I, + 1, coswt +1, cos 2w,t + 1, cos 5 t + aecee(33), 


where the coefficients I,, Iz, Ip «ore etc. , can be calculated given the 
characteristic equation (30) and V, and y,, 
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Fig.699_ Variation of current (2) and conductance (b) for 
two~pole mixer when csciitator voltage and bias 
only are applied. 


The conductance of the converter element is defined as :- 


Ge dig = ft (v) Set eeeateSeTOHAaSOPEEseseeseeesese (34), 
dv 


and therefore the instantaneous conductance is, from (31) and (34) 

G = LP (Vy + Vo COBW ot) cecessevenccevccccrecerecce (35) 
This also may be expanded as a Fourier series :~ 

G = Gy + G cosWot + Gy cos 2W ot + Gz cos Swot + woe (36)- 
The instantaneous conductance is plotted against time in Fig. 699(b). 


It is now necessary to consider what happens when the signal 
input is applied, Firstly, the si, voltage gives rise to a current 
in the converter circuit, (Fig. 697), which, since the converter element 
is a non-linear device, consists of a DC component together with funda- 
mental and harmonic components of the signal frequency. There is a 
voltage drop across R, due to the fundamental component only, so that the 
voltage vg actually applied to the converter is of smaller amplitude 
than the open circuit signal voltage vz. The applied signal voltage may 
thus be written :- 


A 
VB =z VS cosw .t SPOS OHO TCH TOTSCESHETSEOEETOIO SHEE OE (37). 


Secondly, the presence of signal and oscillator voltages implies fre- 
queney conversion so that there is an IF component in the circuit which 
produces a voltage across Rj. Let this voltage be vz so that t= 


Vi = 4 cos 4t SPOSHSHHSSHHHTEHSTSSTSTHES SFT SESHE HE OHEEE (38). 


The difference Sv between the instantaneous voltage applied to the con- 
verter in the signal and no~signal conditions is thus :- 


Sv = 


3 cos .t - v5 cosw 3% Seeeesoceveesvesevsees (39). 
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When the instantaneous voltage is altered by a small amount § v the result- 
ant change in current&i, is from (34) :- 


$i. = csv SSHSHEHSHESSHSHHSSHSEEHHSSEHERFE SSSA SEEHESEH?E (40). 


so that the current when the signal, as well as the oscillator voltage, 
is applied is 


i, =f (v) + Gav SMO Me Soo Ee SErHEreseesesereesese (41). 


f(v), G andSv are given by (33), (35) and (39) respectively; therefore, 
on substituting, we obtain :- 


i, = I, + q cos Wt + In cs 20 ,t + I, cos 3w ot + cevcesevcovere 


+ (Go + & cosw ,t + Go cos 20 t + Gy cos 3W ot + siabaeveeece) 
A A 
(v5 costo .t ~ Ve coswt) COC SEHR ee Sees es eEeEEeSEDeSEDES (42). 
If this is expanded, the only termsof interest are those giving the signal 


frequency and intermediate frequency currents, and for first order mixing 
these are :- 


(G, + Gy cosw t) (Fe cos .t ~ a, cosw,t) seecesonsoccconer (43). 
Sincew, =w, -w,, rearrangenent of (43) gives the amplitude 
i, of the signal frequency current := 
A A A 
ty = Gy vs me e Vs eaeeevevreecesoeseneeeeocetev eee eee (4b) 
and the smplitude q, of the intermediate frequency current :- 


as a Gq wt = G& A OTS OHSHECOH HH EH THER SESS EH TEH SOG (45). 


To (44) and (45) must be added a third relation :~ 
A 
45 = Ry*dy CPO CRA CHER HOSE TEVE SOR HEE TO OEHESETEL ONE (46) - 


These three equations enable the performance of the mixer element to be 
determined completely, but it should be remembered that the simplicity of 
the relations is apt to be misleading, G, and G, must be obtained by 
Fourier analysis, and this cannot be done wiless the characteristic 
equation of the element, the bias and the amplitude of the oscillator 
input are all mom. jer nth order mixing it is easy to show that the 
enly differeme in (uh) and (45) is the substitutien of Gy for G): 


Despite the mathematical complication of a complete solution, 
some, general results may be obtained, If (4), (45) and (46) are solved 
for i, and 1, the results are :- 


ay = G ma 2 fe} eeeseoesecengreteon (47) 





* 14 Go Ry F 
A 
i, =] GL ? 
- 2 3 ; eeer se eeressreeseszer (48), 
1+ % Ry : 


but the input impedance of the mixer at the signal frequency, iee. the 
impedance seen when "looking in" at AB of Fige 697 is Ts a5 and this is 
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given directly by (47). Its value will thus depend on R,, the load 


resistance at the intermediate frequency. Similarly it may be showm 
that the IF ae impedance, i.e. the impedance seen "looking back" into 
CD depends on R., the impedance of the signal frequency BOUr OSs This 
is implied in (£8) ) where 3 f, is seen to be proportional to y! and this in 


turn depends on the signal Aeetibies voltage drop across Rg. 


Although the mixer element is non-linear, equations (4), 
(45) and (46) are all of the first degree so that it is possible to apply 
the concept of equivalent circuits to the mixing process. It is import- 
ant to note that this holds only for small signal inputs (see equation 
(40)).- It is found that the same equivalent circuit holds for both 
signal and IF, viz, that of Pig. 700; (G, and Gj are the conductances 
of the signal and IF ciraits respectively). In this cirowit the 
generator v_ must be considered to be at the signal frequency when the 


input signal current is being calculated and at the intermediate frequency 
for determining the IF output Vee 
currente Its magnitude is oy 
the same in both cases. 





Since the mixer 
draws current from the signal 
source it is preferable to % 
define the conversion process 
in terms of powers For a , 
given value of 7, the IF Fig.700_ 
power delivered to G isa Equivalent circuit of two=pole mixer. 


maximum when both G, and Gg, 


are equal to the character- 

istic admittance of the -section attenuator between AB and CD; (See 
Cheap. 3 Sec, 4). The formula given in Chap. 3 Sec. 7 for the character- 
istio conductance reduces, after the appropriate change of symbols, to 


Ga = OAV TEAL ER cenvecensensnsecensersae (19), 


This matched condition does not necessarily give the best signal/noise 
ratio in the receiver, so that a more general approach to the problem is 
sometimes desirable. 


For the signal frequency, the part of the circuit to the 
right of AB in Fig. 700 
may be replaced by a 


single conductence (G,) s : 
or resistance (Rx) giving 
the signal frequency *s Ry . 
equivalent circuit of Re % 
Fig. 70l(e). Similarly, Us v 
by Thevenin's Theorem, ¢ 

5 Do 


when the IF is being 
considered the part to 
the left of GD may be 
replaced by a generator Vy 2 

5 Fig.701 . 

in series with the oute : ; : 5 : 

put resistance Ry giving Equivalent circuits of two=pole mixer. 
the IF equivalent circuit 
of Fig. 701(b). The peak 
signal and IF currents in 


SIGNAL FREQUENCY INTERMEDIATE FREQUENCY 
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these two circuits are a5 and ‘. respectively, and the Power Conversion 
Loss of the mixer may be defined as.10 log A db, where 


a= _Power in signal frequency equivalent circuit 
Power in IF equivalent circuit 
= a (Be + Bx) 
y+ %) 
(Several alternative definitions exist, usually implying a matched 


condision. The definition given above covers all these and has the ad~ 
vantage of being of general application). 


COCO HO HCOOH OOH ER ETC OL ESONOS (50). 


The value of A will always be greater than unity but may 
approach it in certain cases, Referring to Fig. 700, if the conduct— 
ance (G, - 1 G,) of the shunt arms could be reduced to zero then the two 

2 


equivalént circuits of Fig. 701 would become identical and the power in 

each would be the same. Unfortunately it is not possible to reduce the 

difference between G, and 1 G, to zero without at the same time making 
2 


them zero individually so that the series arm of Fig. 700 also becomes 
zero. There will thus be no IF output unless G; is also zero, iee., the 
dynamic resistance of the IF load circuit must be infinite. Thus, while 
100% power conversion is theoretically possible, it is unattainable in 
practice, the position being analogous to the case of the Class © ampli- 
fier, which can theoretically attain 100% efficiency but only if the load 
impedance in its anode circuit is infinite. 


At this point it is convenient to treat the diode and crystal 
separately, there being important differences between them which will be 
emphasised by the examination of each in turn. 


20. The Diode Mixer 


A possible circuit for a diode mixer is shown in Fig. 702. 
In, and O, form the anode load of the RF stage and In is tapped for 
connection to the diode, There is thus a step~dowm auto-transformer 
between the RF anode and the diode input. The local oscillation is — 
injected into the tuned circuit through the small capacitance C,, and it 
is assumed that the IF is low-enough to permit an oscillator voltage of 
adequate amplitude to be applied to the diode by this means.. T is the 
IF output trans- 
former 3 C; being 
comnected across the 
primary to bypass the 
signal and oscillator aN stace © 
frequency currents 
and their harmonics. 
The battery of Fig. 
45 has been replaced 
by the resistor R, 


GRID OF 
FIRST 
IF STAGE 





shunted by CG,» the Ce 

bias being produced Roe Ato a! 

by the mean diode a me 
current flowing : 

through R,. re the Fig: 702- Diode mixer circuit. 


behaviour of this 
ciraiit is analysed 
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it will be found that.for a given input to the grid of the RF stage, 
maximun voltage at the grid of the first IF is secured when both input 
and output circuits are matched to the characteristic conductance of the 
Kesection of the equivalent circuit of Pig. 700. The position of the 
tapping point on Il, and the turns ratio of the IF transformer T will 
therefore depend on-the value of this characteristic conductance, 


As a numerical 
example of the design dx 
considerations the simple 
case of a linear diode will 
be examined, The diode 
may be supposed to have a 
constant conductance G, in 


the forward direction end 
zero conductance in the 
reverse direction. The 
current waveform of Fig. 
699 will then become a 
succession of peaks of a 
sine wave while the varia- 
tion of conductance dur- 
ing the cycle will be 
represented by a square 





wave. In Fig. 703 anode Fig.703- 
current and conductance Modified form of fig. 699 for the case 
wre shown plotted against of a linear diode. 


the phase angle © of the 
oscillator voltage. If 
the conduction angle of 
the diode is 29 then all the relevant quantities may be expressed in terms 
of 9 as a parameter. The results are it~ 
Mean diode current T, =1%o (sin J - 9 cos J) G, .....(52). 
Bias voltage = Vb = Rp ig. 


A 
= Vo coos g declsatecOeela tenes suwcaeesecvcess (52) 


Go = 7 Gy CHSSHSHEHSOEHE HSE SCH SHHH SHOES E SSE LESBER (53) 
Kt 
Gy = 20+ e sin 9g wetegsdieeisuacegeeteweineesde  )) 


Gy = $ G 2 (g ~ gin 9) POCO SEHOHS HOSE SH LHCECOO HOO (55) 


ALP x 


(c2 “ 20t = a (g? ~ sin ot eeeecccocesceoreresee (56). 


These relations apply whether or not theT-section is properly terminated. 
If in addition this condition is assumed, the four resistauces R,, R, Ry 


and R, of equation (50) are all equal and the conversion loss-factor A 


is then simply the ratio of the squares of the signal and If currents. 
Dividing (47) by (48) send pytting R, equal-to the characteristic resist- 


anoe, the value of A is found to be :- 
Agz 4 Gy + -4 G 


of 
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2 
= f g + wv g ~ sin ¢ } 
sin’ g 
It follows from (51) end (52) thet g is independent of the smplitude ¥, 


of the local oscillator voltage and depends only on the bias resistance R,. 
This is a natural consequence of the assumption of a linear diode character~ 
istic. The values are tabulated below for two values of g: 30° and 60°, 
the conductances being given in micromhos. 


eevtseccoonanrennesesee (57). 


1°8h 
(2+64 db.) 


29°2 kN. 





The inorease in power conversion efficiency by decreasing the 
conduction angle 29 from 120° to 60° is well brought out by the above 
table, At the same time it should be noted that the characteristic con- 
ductance has decreased from 345 micromhos to 98 micramhos so that higher 
impedance circuits are needed to take advantage of the increased efficiency. 
It may be difficult to design these, particularly the signal frequency 
circuit, especially if this frequency is high, and this fact, rather than 
the operating conditions of the diode, may limit the obtainable power 
conversion efficiency. 


When the diode characteristic is non-linear, as it is in 
practice, the conduction angle is no longer independent of the amplitude 
of the oscillator voltage and the relations taking the place of equations 
(51) to (57) are more complicated functions of g. Once the circuit has 
been designed it is essential to keep the operating conditions constant. 
If the oscillator input varies, the matching is upset and the efficiency 
falls off. The easiest quantity to measure is the mean diode current, and 
a jack is connected in series with the bias resistor R, so that a meter 
may be plugged into the circuit. For any given circuit there is a 
definite mean current, and provision is made for varying the coupling be- 
tween the oscillator and mixer so that this current can be obtained. 


21. The Effect of Diode Capacitance and Lead Inductance 


In the foregoing analysis it has been assumed that the diode 
can be represented by a non-linear conductance, the capacitance between 
the electrodes being neglected. In a practical diode this capacitance 
will not be negligible and will become increasingly important as the 
frequency is raised. There are two effects to be considered, In the 
circuit of Fig. 702, provided Oz and C, are large compared with the 
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capacitance of the diodé they have very little signal and oscillator volt- 
age developed across them and thus the diode capacitance is of little 
consequence from the point of view of potential division in the series 
circuit between the tapping on the RF coil and earth.. Hence, this series 
circuit will, at the signal frequency, be a capacitance practically 

equal to the capacitance of the diode, and since this is connected across 
part of the signal circuit it may, if too large, limit the dynamic 
resistance which may be obtained, This will cause a loss of gain in the 
REF stage. 


A more important effect is that 
of the inductance of the leads to the diode 
electrodes, so that, in effect, the valve La 
constitutes a network such as that of 
Fige 704. Even if in the circuit of 
Fige 702 the leads between the diode and Cah 
the other circuit camponents may be made 
so short that their inductance is neglig- ‘4 
ible, the leads inside the diode bulb are 
still present. A series resonant circuit 
may then be set up and the diode will 


present a low impedance to the tapping on Fig. 704. 
iy, making it difficult to develop adequate Effective diode circuit 
signal voltage at the diode. Reduction showing lead inductances. 


of the capacitance of the diode raises the 
series resonant frequency and extends the 
useful range of the diode. 


The static characteristic of a diode may be reasonably well 
represented by the three-halves—power relation :- 


=k (v + b) 3/2 eee ee srerereserereseereeTaETeese (58) 


where bis a quantity depending upon contact potentials. For a planar 
diode with negligible initial electron velocities, the constant k is 
given by :- 


ke 2°34. . 107~6 2 Pevesseenvessevereesesvessece (59) 


where a= emitting area of the cathode in an“, 


ad = cathode/anode spacing in an. i, and v are in amps, and 
volts respectively, 


The capacitance (in pF) is given by :~ 


Coy = 8-85 * 1072 e = eeeeeteenorevesesesaouveees (60). 


It is important to have as high a value of k as possible since this gives 
high values of Gp and G and enables the power conversion to be main- 
tained at high frequencies, At the same time,’ for the reasons stated 
above, Ca; should be kept as small as possible. Comparison of (59) and 
(60) shows that for a given value of k, halving the spacing between anode 
and eathode enables the area of the cathode to be reduced to one quarter, 
Cak thus being halved, The best diode will then be one with.a very 
small spacing and a correspondingly small cathode area, The effect of 
lead inductance may be overcome by constructing the diode so that it may 


be built into, and therefore form an integral part of, a coaxial line 
circuit. A drawing of the CV58 diode, which has been designed on these 


principles, is show in Fig. 705. 
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22. The Crystal Mixer 


The crystal "valve", used 
primarily as a frequency converter for 
centimetre wavelengths, is shown in 
section in Fig. 706. The rectifying 
contact is made by placing a pointed 
tungsten "whisker" on a smooth silicon 
surface, the direction of electron 
flow being from the tungsten to the 
silicon. During manufacture the 
position and pressure of the tungsten 
whisker are adjusted to give a good 
“front-to-back ratio" and also a 
specified forward resistance, 





Finally wax is inserted into the ; . 
crystal capsule through a hole in the Fig.705~ cv 58 diode. 
ceramic holder. Its functions are 

to prevent displacement of the tung- 

sten wire from the silicon and to 

prevent the ingress of moisture. 


BRASS 
TOP CAP 







CERAMIC HOLDER 


TUNGSTEN 


WHISKER HOLE FOR WAX FILLING 


SILICON 
SLICE 


BRASS PIN 


Fig.706 — 


Section of crystal capsule 





Fig.707~ Static characteristic of crystul. 


The static characteristic of a typical crystal is shown in 
Fig. 707 and the difference between this and the corresponding curve for 
a diode is at once apparent. The presence of reverse current modifies 
the current and conductance waveforms of Pig. 699 to those of Fig. 708, 
the value of G,, the mean conductance over the oscillator cycle, being 
increased, while G, is decreased. The conductance of the shunt arms of 
the x -network of Fig. 700 is therefore increased while that of the series 
arm is decreased, both changes leading to a fall in. conversion efficiency. 
This is particularly so when the oscillator voltage at the crystal exceeds 
one or two volts, causing the reverse current to increase considerably, 
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It is therefore to be 
expected that an optimun 
oscillator input of 

fairly small amplitude 

gives maximum conversion 
efficiency. In fact it 

is necessary to use an even 
smaller oscillator input 

in order to achieve the 
optimim signal/noise ratio, 
so that in practice the 
maximum conversion efficiency 
is never reached; (see Sec. 27). 


TIME 


G 


Mixer circuits 
for ‘use with crystals are 
of two general types, co- 
axial line and waveguide, and 
these are shown diagrammat- 
ically in Figs. 709 and 710. Fig.708 
Tose Set eis are neds Modified form of fig. 699 showing 


ee oe effect of reverse current. 


component of the RF imped- 

ance of the crystal does 

not vary greatly from one 

crystal to another. In 

the coaxial type of mixer 

circuit the crystal acts 

as the termination of the . 

line, the stub being connected at a fixed distance from the crystal, The 
reactive portion can then be tuned out by the stub adjustment so that the 
input line is correctly terminated. In the waveguide type of mixer 





° TIME 






TO LF. 
AMPLIFIER 






; ‘ IN 
a? STO! 


TO (F 
AMPLIFIER SIGNAL ANO 
OSCILLATOR 


INPUT 





SIGNAL AND OSCILLATOR 
UT, 


Fig.709_ Fig. 710 — : 
Diagrammatic sketch of coaxial Diagrammatic sketch of waveguide 
mixer circuit. mixer circuit. 


circuit the crystal is placed across the guide parallel to the electric 
field, the guide dimensions being-chosen so that the resistive component 
of the RF impedance is matched to the wave impedance of the guide, The 
reactive component is tuned out by adjustment of the piston behind the 
orystal. The RF by~pass capacitance C is in both cases of the "built- 
in" type, a dielectric washer or metal flange providing all the capacit- 
ance that is required, 


It is essential that the match between the crystal and the 
input line or guide should be as good as possible. Any mismatch causes 
partial reflection at the termination so that part of the signal energy 
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is reflected back to the aerial and reradiated, producing a falling-off in 
performance of the equipment. 


23. Effect of Crystal Capacitance 


Physical. investigations of the phenomenon of crystal recti- 
fication indicate the existence of a Boundary Layer of the order of 1075 an 
depth just within the silicon block. This layer is responsible for the 
rectifying action, as it is only therein that the property of non-linearity 
occurse It may be show that there results an effective capacitance 
associated with this boundary layer which is termed the Contact Capacitance. 
The presence of this inherent capacitance in direct association with the 
rectifying layer limits the high frequency performance to be expected from 
a crystal mixer. 


An equivalent circuit 
for a crystal is shown in Fig. 711. ag 
Rp is the boundary layer resistance : a ‘ 
which is small in the forward and wv 
lerge in the backward direction, 


end this is shunted by the bound~ ch 

ary layer capacitance G. R,, 

the Spreading Resistance, is the Fig.711— 

resistance of the silicon block Equivalent circuit of crystal. 


apart from the boundary layer. 

Ro includes the resistance of the 

tungsten whisker and also the 

contact resistance between the 

point of the whisker and the upper surface of the boundary layer. L is 
the inductance of the whisker. The problem of crystal design is thus to 
keep the value of G, maall without at the same time increasing the total 
effective series resistance, Development of crystals for higher frequenc- 
ies proceeds along these lines. 


| Owing to the wery small contact area necessary to give a rea- 
sonatbly low value of C,, crystals are easily damaged by overload, which 
produces heat at the point of contact and destroys the rectification 
property. Unlike the diode, which récovers fraa a momentary overload, 
the arystal is permanently damaged, For this reason great care should be 
taken in handling crystals; they should not, in particular, be exposed 
to stray RF fields, but should be kept in a metal box when net in use 


24. Noise in Frequency Converters 


In the frequency converter using conventional types of mixing 
valves (triode, pentode, hexode) the study of noise follows the seme lines 
as that already given for RF anplifiers in Secs. 7-1. With diode mixers 
the approach is again along similar lines, but owing to the interdependence 
of input and output circuits the frequency converter and the subsequent 
IF stage must be considered together as one composite whole. The same 
is true of crystal mixers with the added complication that the local 
oscillator contributes to the noise, this contribution becoming increasing- 
ly important as the frequency is raised, The various types of frequency 
converter are considered in turn. 


25 Noise in Triode, Pentode and Hexode Mixers 


Since the grid and anode circuits of the valve are tuned to 
widely different frequencies.it ia possible to use a triode as a frequency 


converter without instability occurring. The anode load may be taken to 
be a pure resistance over its pass-band B so that the ratio of signal to 


noise power in the output of: the converter is equal to the ratio of the 
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mean square signal and noise currents in the anode circuit. These may 
be represented by equivalent signal and noise generators in the grid 
circuit as in the case of the RF amplifier, there being only slight mod- 
ifications to the argument owing to the frequency conversion process. 

A simple analysis will be given for the shot noise only. The mean 
square short-circuit noise current in the anode circuit due to shot noise 
is given by := 


42 = er?, eI ,B SC eeeeeceereorecscosesvescervereceres (1) 
where? = space charge reduction factor. 


e = electronic charge in colambs. 
In = anode current in amps. 
B = band width in cycles/sec. 


In the case of a straight emplifier this noise current may be considered 
as produced by a fictitious noise generator at the grid of a noiseless 
valve, the magnitude of the generator voltage being: given by 

72 3 2r2 ela B 

YE SSitcg eee 

Cu 

In the case of the frequency converter, I, anal? both vary at the 
oscillator frequency and can no longer be treated as constants. The 
mean square noise current must therefore be obtained by averaging the 
expression (1) over the oscillator cycle. Although the effective 
components of the shot noise are those lying within the IF pass band, 
the fictitious noise generator at the grid may be considered to be at 
the signal frequency if the mutual. conductance Gy is replaced by the 
conversion conductance Ga. Equation (2) then becomes :- 


eeeeereresveocteneereoeree (2). 





a 208 
2 = e 
Vv, 2 THOT EHC SHOR EE HETHDOSTES (3) 
a Ge (r2 Ta) ’ 
and the equivalent shot noise resistance-R, is therefore given by ;~ 
Roe: ate. To (4) 
8 eres eeooeaoen eee OOH CHC eS e 
K és € T,) ° 


This can be caloulated if the variations of T 2 and I, with grid voltage 
are knom. 


The mean square noise current in the ‘anode circuit of a 
pentode due to both shot and partition noise, is given by :- 


—— I, 7? ‘ 
42 = 2e8B I, (—Sa-+-—42) SCeCovesvcaeevecosesevese (5), 
I,+ I, 


where I . is the screen current. If it is assumed that the ratio of anode 
to screen currerita is constant during the oscillator cycle and equal*to m 
(a not unreasonable assumption) equation (5) then becanes :- 


= L+mIr2 
if =2eB Tp .) Cee eeseesesesenerve (6). 


This must be averaged over the oscillator cycle and the result divided 
by Kee to give the equivalent noise resistance R,. 
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Equation (6) may be re-written 


42 = 2PeBI {2 +t } Pvceroverecresoee (7) 
nm 2 


where I is the total cathode current (I, + I,). 


4 hexode operates with a cathode current which is practically 
constant, the third grid controlling the division of current between 
second grid (screen) and anode, I andl? may therefore be taken as 
constant while m varies at the osciliator frequency. It is then found 
that the average value of (7) taken over the oscillator cycle is consider- 
ably higher than either (4) or (5). That this should be so follows from 
first principles since one method of reducing partition noise is to 
increase the ratio of anode to screen currents; (see Chap. 15 Sec. 9.). 
Anything which reduces this ratio, such as the application of a negative 
voltage to the third or injector grid, therefore increases partition 
noise. 


From the above arguments it would be expected that a pentode 
frequency converter would be noisier than a triode and a hexode noisier than 
a pentode, and this in fact is found to be the case. ‘It is found also 
that a given valve is noisier as a frequency converter thanas a straight 
amplifier, the mean anode current being the same in both cases; this is 
mainly due to the lower value of G, compared with G,. The table below 
gives comparative figures for the CV660 valve :~- 


EQUIVALENT 
NOISE RESISTANCE 


Strai ght 
Amplifier 


Frequency 


Changer 
(triode 
Connected) 


Prequency 

Changer 

(Pentode 
Connected) 





Hexode valves have much higher equivalent noise resistances, the 6547, 
for example, giving a value of 220 kN. 


The actual noise facters obtainable in frequency changers of 
the conventional type are not of vital importance as these are always 
used after a signal frequency amplifier where the signal level, and with 
it the noise produced in the first signal frequency stage, has been raised 
to such a value that the noise contribution of the mixer itself is of 
little accomt. What is of importance is the numbér of signal frequency 
stages needed to do this, which can be decided only if the noise factor 
of the mixer is known. ° With careful design a triode frequency changer 
can be made to have a noise factor of about 11 db at 200 Mc/s; this 
should be compared with 7°6 db and 5+6 db for the CV66 end CV88 respect- 
ively operating as straight amplifiers at the same signal frequency; 


(see Sec. 1). 
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26. Noise in Diode Mixers 





When discussing the noise present in a diode mixer circuit 
(see Fig. 702) the mixer and the first IF stage must be considered to- 
gether. The noise fluctuations in the anode circuit of this stage are 
then due to the following causes :- 


(1) the noise current in the anode circuit of the last 
RF stage; this includes the inherent noise of this 
stage together with that generated in the earlier stages 
and in the aerial, and subseqtently amplified. 


(2) The thermal noise of the tuned cirowit feeding the 
diode. 


(3) The shot noise in the diode itself. 


(4) The thermal noise in the IF cirovits coupling the diode 
to the first IF stage. 


(5) The shot, partition and transit-time noise of the 
first IF stage. 


It is possible to derive equivalent circuits for the oan- 
bination of Giode mixer and IF stage by methods similar to those adopted 
for the RF amplifier in Secs. 7 - 14, but the process is more complicated 
and only a general outline is given here. 


The factors which may be ‘adjusted to give the best signal/ 
noise ratio in the IF output are t- 


(1) The coupling between the signal frequency circuit and 
the diode. 


(2) The operating conditions of the diode; i.e, bias 
resistance and locel oscillator input. 


(3) The coupling between the diode and the IF stage. 


At the frequen- 
cies at which diodes are 
used as mixers it is always 
possible to obtain a gain 
in the signal frequency 
stages which is sufficient 
to over-ride the noise 
contribution of the mixer, 
‘so that, having chosen 
the operating conditions 
of the diode, factors (1) 
and (3) are then adjusted 
to give maximum signal 
output. This leads to 
the matched condition 
which is diacussed in 
Sec, 21. The overall 
noise factor of the com= 
bined diode and IF stages 
can then be calculated or Fig.712 
measured, It has been Variation of noise factor with mean 
found that for any given diode current. 
bias resistor (Rp of 
Fige 702) there is an 
optimum amplitude of the 
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oscillator input. This is shown in Fig. 712, in which the noise factor 
for a bies resistor of 5 kn is plotted against mean diode current for 
a CW58 diode followed by a CV1091 IP stage, the signal frequency being 
600 Mo/s and the IF 45 Mc/s. The high value of noise factor for low 
diode currents is due to the high conversion loss for low oscillator in- 
puts. As the oscillator voltage is increased the conversion loss falls 
but the shot noise of the diode becomes increasingly important as the 
mean current rises. For high mean ourrénts the increase in shot noise 
more than counterbalances 
the decrease in conversion 
loss. 


There is also 
a best value of bias 
resistance, which becomes 
smaller as the frequency 
increases; (Pig. 713). 
This reduction in Rp is 
necessary to offset the 
increase in the suscept- 
ance due to the diode 
capacitance, + When both 
oscillator input and 
bias resistance have 
been adjusted to their 
optimum values the result 
ant minimum noise factor 
varies with frequency 
in the manner shown in 
Fig. 71h. The Cv58 








diode hag been used at aaa 
frequencies up to 3,000 fs 
Mo/a in applications Fig. 713 

where its greater freedom Diode mixer; variation of optimum bias 
from overload demage is resistor with signal frequency. 


more important than the 
lower noise level of the 
erystal. For this : 
diode the average noise factor is about 4 db higher then for a crystal, 
but manufacturing tolerances for the diodes are less rigid, variations 
between different diodes being 
greater than in the case of 
crystals. 


27. Noise in Crystal Mixers 


In radar 
receivers designed for 
centimetre wavelengths it 
is not practicable to 
amplify at the signal 
frequency so that the 
mixer must be the first 
stage in the receiver. 
Crystals are almost in- 
variably used, and the 
signal-to-noise ratio 
of' the receiver, and 











therefore the overall Fig. 714 : 
ae = rat = Leg t5:8 Diode mixer; variation of minimum noise 
Py ere factor with signal frequency. 


very great extent on 
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careful design of the 
crystal and associated 
circuits for minimua 
noise. 


With the 
diode, two factors 
have to be adjusted to 







give the best per- as 
formance; the bias SIGNAL ANG: 


resistor and the OSCILLATOR INPUT 
amplitude of the local 
osciliator input. 

With the orystal it 

is found that no bias ? 
resistor is needed, Fig.-715— 

the only variable Basic circuit of crystal mixer and IF 
therefore being the stage. 

local oseillator input 

which, as in the case 

of the diode, is most 

conveniently repre~ 

sented by the mean 

rectified current . 

which it produces. The crystal is assumed to be matched to the coaxial 
line or waveguide as described in Sec. 22, so that all the signal power 
received by the aerial is fed into it. The crystal then acts as a 
generator at the intermediate frequency, feeding the grid of the first | 
IF stage through a step-up transformer (Fig. 715). It oan, in other 
words, be regarded as replacing the aerial of Sec. 9. The aerial - 
resistance (Fig. 669) must then be replaced by the IF output impedance 
of the crystal, i.e. by the resistance Ry of the equivalent IF circuit 
of Fig. 701(b). There will of course be some susceptance in shunt with 
this due mainly to the RF bypass capacitance C of Figs. 709 and 710 but 
this will be accommodated by the tuning of the grid circuit of the IP 
stage. 


Owing ‘to conversion loss in the crystal the power developed 
in the equivalent IF circuit is less than the signal power P, fed into 
the crystal. In fact 


Ped oes 
(Ry + Ry) 
where vy, Ry and Ry refer to Pig. 701(b) end A is the conversion loss- 
factor as defined by equation (50) of Sec. 19. Ry is the load on the 
orystel imposed by the IF input circuit, end includes the dynamic’ con- 
ductmnce of the tuned circuit’, the transit time conductance and the in- 
put conductance of the IF valve due to inductance in the cathode lead, 
fhe equivalent input circuit for the IF stage is therefore obtained from 
Fig. 679 by the simple replacement of vg by vy, and t%> by +%y,it being 
remembered that +S, now refers to the transferred IF output conductance 


of the crystal; (Fig. 716). 


beatae afeaaliaiste au sywenmec( 0) 


When the noise circuit is considered a complication arises 
owing to the fact that the noise output of the crystal is higher than 
that corresponding to the thermal noise in a resistor By» Le@e 


ve > & kT B. Ry 
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We may therefore write 


Yo eee ey, 


4 k(x0)B. Ry 
a aids wh aeb:Scaierdse (9), 


where x is called the 
Noise Temperature : 
Ratio of the crystal. Fig.7 16 — ; oe : x 
Equation (9) shows that Equivalent IF input circuit of fig. 715. 
an ohmic resistor of 

value Ry would have to 


be raised from room 

temperature T to a 

higher temperature x? in order to generate the same noise as the crystal. 
The equivalent noise circuit of Fig. 680 must therefore be modified by 
increasing the noise current generator representing the aerial noise by 
the factor x giving the circuit of Fig. 717. These equivalent circuits 
have been drawn assuming that the first IF stage is a pentode, but the 
case of a grounded grid triode in this position may be dealt with ina 
precisely similar manner. 





KR, KR, 


Before pro=- 
ceeding to a discussion 
on the overall noise 
factor of the crystal 
and first IF stage it 
is necessary to examine 
the factors controlling 
the noise temperature 
ratio. The sources 


of noise are t- Fig.717~ 
Equivalent noise input circuit of fig. 715. 





(1) noise generated in the serial system and fed into the 
crystal with the signal; 


(2) noise generated in the crystal itself; 


noise produce the local oscillator an ed into e 
(3) i duced he local illat a fed into th 
crystal with the local oscillation. 


For the present (3) is neglected. Aerial noise also is wmimportant, as, 
owing to the high conversion loss of crystals, only a fraction of this 
noise power is developed in the equivalent IF circuit, and measurements 
have not shown any detectable contribution of aerial noise to the noise 
temperature ratio, 


The problem of the noise generated in the orystel itself is 
not fully understood, The mechaniam of thermal agitation in the barrier 
layer is much different from that in a homogeneous metal, and further 
complication arises because the conditions in the orystal are varying 
rapidly, as the working point is moved up and down the non-linear 
characteristic by the local oscillator input. There appears to be no 
correlation between the static characteristic of the crystal and the 
thermal noise generated in it, and when the question is approached 
practically by taking measurements of conversion loss and noise tempera~ 
ture ratio there is again no correlation, since a low conversion loss 
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does not imply a low noise temperature ratio. 


The IF output conductance, conversion loss and noise temperature 
ratio all depend on the mean orystal current T>° Experimental results 
for an average.crystal operating on about 10,000 Mo/s are‘ shown in Figs, 

718 and 719. 


cy z 1OLOGA 
40 20 60 
MILLIMHOS dh 
3-0 9-0 
2-0 Vs 80 
1:0 70 
° Os oO 1S 20° 40 rs os +0 15 re 4 
™MA 
mA 
Fig.718_ Fig.719 — ; 
Variation of If output conductance Variation of noise temperature 
ef crystal with mean crystal ratio and conversion loss with 
current. mean crystal current. 


28. Local Oscillator Noise 


‘The local oscillator used in a radar receiver operating on 
centimetre wavelengths is usually a klystron, ond this type of valve 
produces, in addition to the desired oscillation of frequency fo, random 


noise which is most intense at frequencies close to fg. The amplitude 


spectrum of the output of the klystron is indicated in Fig. 720. The 
amplitude of the noise relative to the desired oscillation is, of course, 
very much smaller than is shown in the figure. To understand how this 
noise is produced, consider the double rhumbatron klystron shown dia~ 
grammatically in Fig. 721. The : 
local oscillator (Sutton Tube) 

is of the reflector, or single- 

rbumbatron type, but the mech- 

anism of noise production is 

similar and the explanation is DESIRED OSCILLATION 

more easily followed with the 
double-rhuabatron type. The 
operation of both double- 
rhunbatron and reflector type 
klystrons is explained in 
Chap, 8 Secs. 21~23. 





The mechanism of 
noise production is as follows. 
The electron beam entering Fig.720- 
the buncher at A is not uni- Amplitude spectrum of output of 
form but is intensity modu- klystron local oscillator. 
lated in a randan manner due 
to the shot noise fluctuat- 
dons of the aaission from the 
cathode. The buncher then 
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acts as a catcher for the shot 
noise fluctuations and noise 
current will thus be induced 

in it in a manner similar to BUNCHER CATCHER 
that in which induced grid noise 
currents are set up in a 
negative-grid triode, These 
noise currents are relatively 
large since the electrons are 
travelling at high speed, and 
it is due to them that Kly- 
strons are too noisy to be 

used with advantage as 


amplifiers for small signal Fig.721- 
voltages. Double-rhumbatron type of 
klystrone 

The noise voltages 
generated in the buncher mod- 
ulate the velocity of the 
main electron stream and thus 
appear in an amplified form in the catcher. Further amplification is 
provided by the regenerative coupling between the rhumbatrons. The shot 
noise fluctuations have an-amplitude spectrum which is wifom over all 
frequencies but the rhumbatrons are frequency-selective and respond only 
to frequencies near resonance, i.¢. close to fp. The resultant noise 
voltages are therefore largest for frequencies close to f,, the amplitude 
falling off rapidly as the frequency separation from f, increases. The 
general nature of the amplitude spectrum is thus as shown in Pig. 720. 
As would be expected, the frequency spread of the noise voltages depends 
on the selectivity of the rhumbatrons, high-Q rhumbatrons giving a small 
spread and vice versa. 


The output circuit of the mixer is tuned to the intermediate 
Prequency and therefore it is necessary to consider only those local 
oscillator noise components, which, after passing through the crystal, 
produce an output lying within the pass-band of the IP amplifier. If 
f_ is the frequency of the local oscillator, f, the intermediate 
frequency and B the band width of the IF amplifier, then the effective 
local. oscillator noise components are those lying in the two frequeney 


Tangese 
(1) fo - fy, + B 


and {2) f+ fy + B. 


p]R ye 


It is these which give IF outputs by first order mixing with the local 
osciliation. The noise produced by mixing between the individual noise 
components themselves and between noise components and signal is 
negligible. The relevant frequency bands are shown in Fig. 722. 


From whet has been said of the fundamental cause of Klystron 
noise it follows that it is essentially a selectivity problem and any 
factora leading to a low degree of selectivity increase the contribution 
of local oscillator noise to the noise tenperature ratio. The two most 


important are t- 
(1) a low-Q rhumbatron 
. f3 
(2): a low value of *1/¢,. 
It is therefore not surprising that local oscillator noise is very small 


at 3,000 Mc/s and becomes increasingly important as the operating 
frequency is raised, At 10,000 Mc/s, with an IF of 45 Mc/s, the cvV87 
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and CV129 klystrons produce 

a very small amount of 
oscillator noise, but with 

the CV720 about half the noise 







temperature ratio of the 7 | ON NOISE 
erystal is due to the local 7 \, 
oscillator, average values of Py *. 

x being 1°5 for the CV129 and / ‘ 
3-0 for the CV/720. The ‘ SS 


z 
AL 


higher value for the CV720 

is due to the smaller dimens- 
ions of its cavity, which ---" 
thus has a lower Q. 


N 
oe 


or Pe 
Be 
r 
x 


‘. 





Another point of 
interest with the CV720 arises 
from its use in AFC circuits 
(Chap. 8 Secs. 49-53) where ° Fig.722_ 
a certain amount of controh ° Amplitude spectrum of output of 
over the oscillation fre- local oscillator showing noise 
quency is obtained by components producing IF noise in 
variation of the reflector mixer output. 
voltage. Measurements 
show that if too great a 
frequency variation is 
attempted by this means the 
noise temperature ratio x 
rises sharply, causing a c 
serious deterioration in the 
signal/noise ratio of the 
equipment. Typical results 
are shown in Fig. 723. 


At a frequenay 
of 24,000 Mo/s most of the 
noise.output of the crystal 
is due to the local 
oscillator, noise tempera- 
ture ratios up to 10 being 
common, The comparison 
between results at this =20 ° +20 
frequency and at 10,000 (uc/s) 
Mc/s is shown in Fig. 72k, 
which also shows the Fig.723 . 
improvement in noise tempe- Dependence of noise temperature ratio 
rature ratio consequent on on change of frequency produced by 
the use of a high IF with a variation of refleotar volts (90=volt 
corresponding inorease of ' mode of CV 720). 
£45/fg- |The 24,000 Mc/s 
curves of Fig. 72) are drawn 
for two different values of 
crystal current, the higher 
welue of crystal current giving the higher noise temperature ratio, This 
is to be expected, since increasing the local oscillator input to the 
crystal also increases the noise input. 


With a general tendency towards increasing operating fre- 
quencies attention has been focused on methods of reducing the locel 
oscillator noise. Amongst the methods suggested are :~ 


(1) the use of a high-Q riumbatron cavity in the local 
oscillator. 


+40 o 


(2) the use of a high value of IF, 
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20 40 


60 
Mos 


Fig.724 _ Dependence of contribution of local oscillator 
noise on intermediate frequency, 
Curve I; 10,000 Mc/s. Mean crystal current = 0.5 mA 
Curve II: 24,000 Mc/s. Mean crystal current = 0,25mA 
Curve III: 24,000 Mq@/s. Mean crystal current = 0.5 ma 


(3) filtering the local oscillator output by means of a 
high-Q cavity between oscillator and mixer. 


(4) eliminating one of the noise~frequency bands of Fig. 722. 
One of these contains the signal and cannot be removed, 
but the "second channel" can be aut out by suitably 
positioning the TR cell; (see Sec. 34). 


(5) the use of two mixers in a balanced circuit. The signal 
outputs are made to add while the noise outputs due to 
the local oscillator are in antiphase ami are therefore 
cancelled. 


29. The Overall Noise Factor of Crystal. Mixer and IF Amplifier 


As described in Sec. 27, in centimetre receivers it is 
assumed that the feeder is matched to the crystal so that the aerial 
resistance Rr of Sec. 8 is replaced by the mixer output resistance Ry of 
Seo. 19; (see equation (50) of that section and Fig. 701(b)). For’ en 
ideal centimetric receiver we assume that all the signal power is 
supplied to the IF circuit, i.e. that there is no conversion loss, end. 
that the only noise present is that due to thermal noise in Ry 


The equivalent signal and noise circuits for the actual 
receiver are given by Pigs. 716 and 717. 


From Fig. 716 the mean square IF voltage at the first grid is 
given as :- 


2y 2 
=, ty where G = t6y + Ga + Gy + Gyeeeeeee(20) 
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Fran Fig. 717 the mean square noise voltage at the first grid 
is given as :- 
(+t + Ga + Gt)? 


@ +E Ry 


K(x. tGy + Gy + 48 &) = 
Seem fb 
G2 


SORECHTHE SHEE SCHEE HSER EOE (12). 


Hence, for the actual receiver, 
K (xetSy + Ga 4 4°8 St) 4 K Rg (4% 4 Cay Gh)2 4K Rp O? 





nPonve 
ae 2 ye ate 


¥ 


. 
Coo ceroevererersevecees (12), 


For the ideal receiver described above, two modifications to the equivalent 


cirovits are necessary. 
(4) Figs 716. Since there is no conversion loss the mean 
square signel voltage must be increased by a 


factor A. 


(ii) Fige 717. Since the only noise present is thermal 
noise in (Pig. 701(b)}) the noise generator 


X.~Gy must be replaced by 4G,, and the other noise 
generators must be suppressed, 
“These modifications are illustrated in the equivalent circuit 
of Fig. 725. Hence, for the ideal receiver, after making these altera-~ 
tions to equation (i2} we obtain :- 


Fig.725— Equivalent IF input circuit 
of ideal receiver with 


Ry (NoIseLEss) 
ty Rg crystal mixer. 
Ay é) {NOISELESS) 
Krys CV) 
Pi. nv = & tty dD Few ersreeruseres ose (13). 





Sa mB Ge 4 (ty + Cds H)% RB, , 


Fea {* + 
tly ey Gy tGy 


Se oeessareraseereerreresrerese (14). 


By definition, the noise factor F is the quotient of (12) and (13), vizs- 
e a} 
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If the noise factor F, due to the IF amplifier alone is 


required, it can be obtained directly from equation (24) of Sec. 12 om 
making the appropriate substitutions. The result is :- 


Fi =l+ Sa + 48S + (4% + Gae Gt)? . Rs $e “R 
£°y %y Sy °y 


PH eFOSCEHOROCHeEeCaoeosesereseoER (15). 


A comparison of equations (14) and (15) shows that 


Feaa { tx-2} Sao teeosseroatesrenevessosrese (16). 


This result is a particular case of a general theorem for the overall 
noise factor of several amplifiers or other networks in cascade, 
If Fy, Bos —————>» RP, are the noise factors of the individual networks; 


and Mj, Mo, --------, M, the power amplification ratios, the overall 
noise factor is given by 





a F2 vi +235 ~1 + aerccecens +fn-1 eoone (17). 
My M, My MM, eos My 


In the particular case of equation (16), F,, the noise factor for the 
crystal itself, is Ax, andM; =1, while Fp =F,. With these sub- 
A 


stitutions (16) is the same as (17) for ns 2. 
When (15) is differentiated to find the optimum transferred 
erysteal IF output conductance ty, the walue obtained depends on neither 


A nor x, for A is merely a multiplying constant end x disappears on 
differentiation. The minimum overall noise factor F is thus obtained 
by designing the coupling transformer between the mixer and the first 
If stage for a minimum value of Fy. 


Since the IF output 


conductance of the crystal is a A 
function of the mean crystal 15 
current (see Fig. 718) it aé 


follews that the optimm turns 
ratio will also depend on the 
mean crystal current, Once the 
pest evens ae ceniitiens have r) 
been settled it is therefere 

essential to maintain the 
cerreet value of mean crystal 
current when the receiver is in 
eperation. Failure te de so u 
may cause deterioration in per 
formance, 


0 40 

Values of A ani x fer se i fe a 
an average 10,000 Mo/s erystal 
are given in Fig. 719. If Fig.726_ 
these values are substituted in Overall minimum noise factor of IF 
equatien (16) the results ef amplifier and crystal of fig. 720. 
Fig. 726 are ebtained. Two F = A(Fy + x 1) 
altermative values of F,, 3 a Curve I:F4 = 2(3ab) 
ami 5 db, have been used in Gurve II; Fy = 3°16( 5ab) 


calculating these curves. The 
minima is due te exactly the 
seme cause as the minimum in 
the cerrespeniing curve 
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for the diode (Fig. 712): for small mean crystal currents the conversion 
loss is high while for large mean currents the crystal noise increases 
in greater proportion than the decrease in conversion loss. 


RADAR RECEIVERS 
30. General 


In a superheterodyne receiver amplification is obtained in 
three ways :- 


(1) in the signal frequency stages; 
(2) in the IF stages after frequency conversion; 
(3) in the video stages after detection. 


The amplitude of the output from the video amplifier depends 
on the type of display used. This amplifier must have a band-width 
sufficient for reasonable pulse reproduction and a gain high enough to 
give the required output with the given input from the detector. 


The detector output, although it is not critical, must lie 
within well defined limits. A diode is normally the-most usual form 
of detector and this must have a small resistance load if the pulse- 
shape is to be preserved. Under these conditions the detection 
efficiency is lower than that common in communication receivers, and the 
non-linearity of the rectification characteristic at low input Levels 
is more pronounced, With a typical diode (e.g. OV1092) the peak out- 
put should not fall much below 1 volt if sensitivity is not to suffer. 
Qn the other hand it is not possible to obtain large outputs fran the 
diode without producing overloading in the IF stage preceding it. With 
the bandwidths cammonly used the anode loads of the IF stages must be 
low (see Chap. 7) and unless the complication of a larger last IF valve 
is indulged in the detector output begins to be non-linear beyond about 
10 volts (peak). The useful output from the detector is thus about 5 
volts (peak) and the video amplifier is designed to give the requisite 
output to the display for this value of input, 


It is then necessary to decide how much of the pre-detect- 
ion gain should be provided’ by the signal frequency amplifier and how 
much by the IF amplifier. As a general rule the lower the frequency the 
easier it is to obtain amplification and maintain stability; moreover, 
the tuning of the IF amplifier is preset, whereas the signal frequency 
stages must have provision for varying the tuning to follow alterations 
in the operating frequency. It is thus desirable to introduce the mixer 
at the earliest possible place in the amplifier chain. The only reasom 
for using signal frequency amplification at all in radar design is the 
fact that the noise factor of mixers is in general higher than that of 
signal amplifiers. If it were possible to produce a mixer with a noise 
factor as low as that of the signal amplifier the latter could be dis- 
pensed with, producing a considerable simplification of the receiver, 


31. The Overall Noise Factor of a Receiver 


The overall noise factor of a crystal mixer followed by an 
IF amplifier is dealt with in Sec, 29. The diode and IF amplifier 
combination also ds studied in Sec. 26 and the general problem of RF 
amplifier noise in Seos. 7-1. In these sections it is assumed that the 
amplifier stages are linear and the problem is approached by a canparison. 
of the signal and noise powers present at different points. Since signal 
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and noise are statistically independent sources their mean square values 
are directly additive, thetotal power then being the sum of the respect- 
ive signal and noise powers. It is thus possible to define the overall 
noise factor of the receiver by comparing the signal and noise powers 

at the output of the IF amplifier with their values at the aerial or 
erystal; for although a fundamentally non-linear response is an essential 
feature of a mixer, nevertheless the mixer equivalent circuits have been 
shown to be representable to a first approximation by linear circuit 
elements; (Secs. 15 - 29). Such a simplification is not possible in 
the case of the video detector, where we are concerned primarily with the 
envelopes of the signal and noise voltages, and a power concept is not 
directly applicable, It is therefore common practice to quote the over- 
all noise figure of the receiver as referring to the output of the IF 
amplifier, From this the minimum received signal power for a "just 
detectable" signal can be estimated, it being assumed that "just detect- 
able" means equality of signal and noise power at the IF output. A 
further canplication is introduced ‘by the display since it requires a 
much larger signal to noise ratio at the detector input to produce a 
Clearly defined echo on a PPI than on an A-display. The standarc of 
equal signal and noise powers at the IF output will tend to under- 
estimate the receiver capabilities on a type A-display and to over- 
estimate then if a PPI is used. 


32 The Number of Signal Frequency Stages 


When esmplifier stages are operated in cascade it is possible 
to deduce the overall noise factor if the noise factors of the individual 
stages are known. Fige727 shows a block diagram of a receiver with the 
two signal frequency stages preceding the mixer, the latter and the IF 
amplifier being regarded 
as one unit in accord- 
ance With Secs. 20-29. 
The overall noise factor 
up to the IF output is 
then :- 






AERIAL 











2No MIXER 
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N NO To 
Fo -3 STAGE STAGE iF STAGES DETECTOR 
Fe FL + ih 
Fz -1 Fig.727~ 
— seein (1) Block diagram of receiver with two signal 
hy % frequency stages. 


(see Sec.: 29). 
where EB and M, sre the noise factor and power emplification respectively 
of the first signal frequency stage, F, and M, refer similarly to the 
second signal frequency stage and PF is the overall noise factor of the 
mixer and IF stages. 


As the first numerical example. consider a receiver operating 
at 30 Mc/s (about the lowest radar frequency). Let F, and Fp be 2 
(i-e. 3db) while F, is 16, these being reasonable values for ‘CV1136 
valves followed by a diode mixer (see Pigs. 687 and 714). The power 
amplification of each signal frequency stage is taken to be 10 so that 
the overall noise figure from equation (1) is 


F= 241 +15 = 2°25 Corer eveesvereseooseeneesaer (2). 


10 100 
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The number of signal frequency stages has been chosen arbit- 
rarily and it is instructive to examine how the noise factor changes as 
the mumber of these stages is altered. With no signal stage the noise 
factor would, of course, be that of the mixer and IF stages,i.e., 16. 
With only one signal stage the mixer is now the second stage so that the 
last term in (J) is omitted and Fo replaced by FB, giving 


ae = 395 Peessesenssessecvaaseosesene (3). 
With three signal stages, 


Pe 2 + iL + 2a + 15 = 29125 Ceosecoceese (4). 
10 100 =—-1.000 


These figures are tabulated below: (Table I) 


Number of signal _ Noise factor F 
frequency stages Ratio 





Two points should be noted: (i) the large improvement 
(6°6 db) produced by the use of only one signal frequency stage (ii) the 
very small improvement (0°2 db) when the mmber of such stages is in~ 
creased from two to three. 


As the second numerical exemple a signal frequency of 200 Mc/s 
is chosen, again with CV1136 signal emplifiers preceding the diode fre- 
quency converter. From Fig. 687 the noise factor of each signal fre 
quency stage is 11°2 (10°5 db) whereas the noise factor of the diode has 
not increased appreciably. Assuming that by suitable circuit construct 
ion the power amplification can be maintained at its original value of 10, 
the variation of overall noise factor with the number of signal frequency 
stages is given in table II. 


Table IL 


Number of signal Noise factor F 
frequency stages Ratio db 





_ The improvement in noise factor resulting ‘fron the use of one 
signal frequency stage is now only ldb and the further improvement when 
more stages are added is negligible, It is clear that the use of 0V1136 
valves at this frequency is of doubtful benefit, the additional compli- 
cations of such stages not being balanced by any substantial increase in 
signal/noise ratio. This is , of course, due to the high noise factor 
of the CV1236 itself and it must be replaced by a valve of lower noise 
factor if a substantial improvement is sought, The CV66 has a noise 
factor of 7°6. db at 200 Mc/s (Fig. 687) which gives overall noise 
factots of 8-6 db and 8-0 db for one and two stages respectively. 


At higher frequencies, say 600 Mc/s, valves such as the CV88 
must be used (See Sec. 13). The noise factor of this valve is 10db at 
600 Mc/s while that of the diode has risen tol}-4 db (Fig. 714). One 
signal frequency stage will then give an overall noise factor of 10°8 db 
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which is reduced by only 0°3 db if a second stage is added, It is there- 
fore sufficient to use one stage preceding the mixer. 


33- Receiver for Metre and Decimetre Wavelengths. 


’ The technique employed in the design of radar receivers causes 
them to fall into two general classes according to the operating frequency; 
(i) up to 600 Mc/s (ia) above 3000 Mc/s. The upper limit of range (i) 
approaches the limit of usefulness of valve amplifiers and conventional 
type oscillators, while the use of waveguide: and cavity resonators is not 
practicable much below the lower limit of range (ii) as they would have 
to be large and cumbersome. There is a further natural subdivision at 
about 200 Mc/s, for this represents not only the upper limit of the use- 
ful range of the pentode but is also the frequency at which conventional 
lumped circuits must give way to coaxial lines in which inductance and 
capacitance are distributed. While the use of coaxial line circuits below 
this frequency is theoretically advantageous, their use is again precluded 
on the grounds of excessive buliiness, Some details of receivers for 
frequencies up to 600 Mc/s are tabulated below (Table III). These illus- 
trate the points which have been studied in the preceding paragraphs. 


Receiver 


A 
B 
Cc 
B 
Ez 
F 





3he Receivers for Centimetre Wavelengths 


As signal frequency amplification is not practicable at 
frequencies of 3000 Mc/z nd upwards, the first stage in a receiver oper- 
ating at such frequencies is of necessity the mixer. A possible arrange-~ 
ment of the signal frequency unit of a receiver operating at about 10,000 
Mc/s is show: in Fig. 728. The mixer must be located in the same box 
as the magnetron if a long and cumbersome waveguide connection between the 
TR circuits and the mixer is to be avoided. The IF output impedance of 
the mixer is of the order of 300 ohms (see Sec, 22) and this should be the 
impedance presented at the connection to the tuned circuit at the grid of 
the first IF stage. 


It is therefore not TRANSMITTER BLOCKER 

possible to use a Y 

long length of cable MAGNETRON 
to connect the mixer 


to this stage, for aL 


the characteristic 
impedance of such 
a cable is never far 







INPUT FROM TO 


different from 80 (OCkL REMAINING 
ohms and with such OSCILLATOR IF STAGES 
a@ mimgmatch at the 

mixer end a con Fig.728 — 

siderable susceptance Block layout of signal frequency unit of 
would be present at 10,000 Mc/s receiver. 


the connection to 
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the IF tuned circuit. It is also impracticable to use a step-down 
transformer at the mixer end of the cable since the extra losses present 
in such a tramsformer would be an additonal source of noise, It is 
therefore standard practice to split the IF amplifier into two parts, the 
first stage or stages being situated close to the mixer and connected to 
it by a few inches only of screened cable, These stages are called the 
Pre-amplifier or Head Amplifier (see Fig. 728). The remaining IF stages 
are located in the main amplifier unit. Matching transformers or other 
devices are used, normally at both ends of the cable connecting the head 
amplifier to the receiver unit, the additional noise introduced by plac- 
ing them at this point in the amplifier chain being negligible. 


The first stage in the head amplifier is’critical from the 
point of view of signal/noise ratio (see Sece 9). Earlier receivers 
used a pentode in this stage, but more recent developments, particularly 
the production of crystals with lower noise temperatures, have enabled a 
substantial improvement to be obtained by the use of grounded-grid or 
neutralised triodes in head amplifiers. 


35. The IF Amplifier 


‘ he gain of this amplifier should be sufficient to give 
full output from the detector on inherent noise alone, and this gain is 
easily calculated, 


Consider the case of an IF amplifier with a pentode first, 
stage following a crystal mixer; the mean square noise voltage =e 


n 
at the grid of this valve is given by equation (11) of Sec. 29. 


nv? = K x. toy + Gde 408 St + mR, (tor + Cay % )? 4 mM, 
2 ‘ Gq 
¢ 


Sereaerstatesevereesseoeonse (5)4 
¢ 


where x is the noise temperature ratio and t°y the transferred IF output 
conductance of the crystal, the remaining quantities being as defined in 
Secs. 10-12. Substituting the appropriate values for the CV1091 fran 
Sec. 12 for an IF of 45 Mc/s and a crystal noise temperature ratio of 
1°5, the equivalent RMS noise voltage at the grid is found to be 15°6 
microvolts. A voltage emplification of the order of 10° will thus be 
needed to give full detector output. It is therefore ususal to find 
about 5 stages in the IF amplifier proper, which, together with the 

two stages in the head emplifier, give a total of 7 IF stages. 


The above argument applies only to receivers for centimetre 
wavelengths, At lower frequencies part of the required amplification 
is obtained at the signal frequency and the number of IF stages may 
then be reduced to & or 5. 


The amplifier itsel? calls for little comment but it should 
be remembered that the necessity for providing an overall voltage 
amplification of about 106 at a frequency as high as 45 Mo/s involves 
very careful screening and the use of elaborate decoupling and filtering 
circuits in the supply leads. The required bandwidth is obtained either 
by staggered tuning or coupled tuned circuits or by a combination of the 
two (see Chap. 7). 


36 Manual gain control 


The gain of the receiver is varied by changing the gain of 
the IF amplifier by one of two usual meshods: 
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(1) The voltage applied to the screens is kept constant 
and a variable negative voltage applied to the control 


grids. 


(2) The control grids are kept at fixed potentials of about 
-1°5 volts and the screen voltages are varied. 


The latter method is to be preferred since it ia found that 
the, change in input impedance of a RF amplifier valve is less marked 
when the mutual conductance is altered by varying the screen. voltage 
than when the alteration is produced by a variation of the control grid 
potential. Since the combined screen ourrents of the controlled valves 
may exceed 10 mA the screens may be fed from the cathode of a Gain 
Control Valve, which is simply a cathode follower, the grid potential of 
which is determined by a potentiometer across the HT supply. By this 
means the use of a heavy duty potentiometer to supply the screens is 
avoided, 


“When strong signals are being received the gain control 
must be set near the position for minimum gain, and if the last IF 
stage were controlled it would be difficult to secure adequate output 
without overloading at the input. This stage is therefore operated with 
fixed electrode votentials. Gain control is not normally used on 
signal frequency amplifiers or IF head amplifiers as the operating 
conditions of these must be kept fixed if the optimum noise factor is 
to be maintained. 


37. AsG.C, 


autoustic gain control (AGC) is applied to communication 
receivers for the purpose of stabilising the carrier amplitude at the 
detector, This is accomplished by the standard method of rectifying 
the output from the last IF stage, filtering out the modulation frequency 
components and applying the resultant steady voltage (which must be of 
necative polarity) to the control grids of same of the signal frequency 
and IF valves. This method is suitable only when a continuous carrier 
is being radiated and cannot be applied to a radar receiver where the 
received signal consists of very short pulses of RF energy. 


In radar reception it 
is the nulse amplitude at the dis- 
Play that must be stabilised and 
it is also essential to use some 
method of pulse selection so that 
AGC is operative only with respect 
to one particular echo, Fig. 729 
shows a typical A-type displ 
with the transmitter pulse (ay and 
five target echoes (B to F). One 
method of determining range is to 
set the echo required, for example Fig 729_ 


D, with its leading edge on the Aetype display showing trans- 
vertical cross-wire, the range ‘mitter pulse (A) ani five target 
being read from the setting of the echoes (B to FP). 


X-shift potentiometer. To ensure 

consistent range measurement the 

amplitude of D on the screen must 

be stabilised by AGC, the resultant amplitude being completely independent 
of the number and amplitudes of other target echoes which may be present. 


he AGC voltege is obtained fram a peak rectifier operated 
from the output of the video anplifier, a gating circuit being used to 
ensure that only the required echo is passed to the AGC rectifier, The 
circuit of a typical AGC system is shown in block diagrem form in 
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iF % 
DETECT ST VIDEO 
i AMPLIFIER Le AMPLIFIER 


vi 
AMPLIFIER 





Fige 730; the gate. 
valve circuit is SiGNA 
given in Fig. 731 and = 'neuT 
the relevant waveforms 
in Fig. 732. There 
are two video stages 
between the detector 
sand the cathode-ray 
tube, a third stage 
(VIDEO 3 of Fig. 730) 
’ being used to feed the 
AGC system. The out- 
put from the detector 
is of positive polarity Fig.730_ 
so that positive Block diagram of AGC system, 
pulses are fed from 
the VIDEO 3 stage to 
the gate circuit. The 
output from the time- 
base generator is fed to the gate pulse generator which produces a short 
positive pulse as the spot passes across the centre line of the tube, 
the duration of this pulse being not much greater than that of a received 
echo. The pentode gate valve (Valve 2 Fig. 731) has its cathode held 
positive by virtue of the current through R; and Ro and its current is 
normally cut off at both control and suppressor grids. The transmitter 
break-through pulse A and the received echoes B, C, E and F carry the 
control grid above cut-off, but no voltage is developed at the anode as 
the anode current is cut off at the suppressor grid. During the gating 
pulse the suppressor is at cathode potential and the pulse D applied to 
the control grid produces a negative-going pulse at the anode which is 
passed to the AGC peak rectifier. If no target echo is received during 
the gating pulse the sensitivity of the receiver rises until the inherent 
noise passes through the gate valve and operates the AGC rectifier, thus 
stabilising the height of the "grass" on the tube. Valve 1 of Fig.731 
is a clamping diode, preventing the suppressor from going positive with 
respect to the cathode (Chap. 12). 
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38. Paralysis 


The radar receiver is highly sensitive and is usually placed 
close to the powerful transmitter; in fact, with common T/R working 
the two are connacted to the same aerial. A very large signal is thus 
received during the transmitter pulse and may result in a loss of 
receiver sensitivity for some little time after this pulse has ceased, 
the reception of echoes from nearby targets thus being rendered difficult 
or impossible. This temporary paralysis may occur in either grid o 
cathode circuits or in both, but it is convenient to consider the two 
cases separately. 


(i) Grid paralysis 


A positive voltage applied to the grid of any valve causes 
grid current to flow, and if the coupling is suitable, bias may be de- 
veloped. In Fig. 733 the large voltage produced across the anode load 
of valve 1 during the transmitter pulse causes the grid of valve 2 to 
draw grid current, with the result that this grid is left negatively 
charged at the end of the transmitter pulse. This negative charge 
leaks away at a rate determined by the time constant C, Re of the coupl- 


ing circuit. Valve 2 is thus biased back at the beginning of the time~ 
base sweep, or the current may even be cut off, so that the receiver 
sensitivity is reduced below its normal value and may not have re- 
covered completely before the spot on the cathode ray tube has reached 
the end of its travel. The circuit of Fig. 734 is free from this 
defect, for although the condenser C, is charged during the transnitter 
pulse the resistance of the tuned circuit to direct currents is so low 
that no appreciable bias voltage is developed across it. The charging 
and discharging of Cy now produce changes in the mean anode voltage of 
waive 1, which do not affect the receiver sensitivity to any marked 
extent, 


HT 





VALVE | VALVE 2 VALVE | VALVE 2 





Fig.733— Fig.734 — 
Coupling circuit producing Coupling circuit free from 
grid paralysis. grid paralysis. 


The circuits of Mgs. 733 end 734 show automatic bias for 
the amplifier stages. When fixed bias is used, in order to give manual 
gain control by variation of the screen voltage, as in Fig. 735,paralysis 
may be produced by the charging of the bias decoupling condenser 9, 
which must discharge through the decoupling resistor Ry before the grid 
can return to its normal potential. In this case paralysis may be 
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cured by connecting a large condenser, say 10 microfarads, across G,. 

The resultant capacitance is not charged to any appreciable extent by 
the flow of grid current during the transmitter pulse, and while the mean 
rectified current must flow through Rj, and thus produce a voltage drop 
across it, this is very small. 0), which for 45 Mc/s. has a value of 
about 0°001 microfarad, must be retained, as electrolytic condensers are 
not effective for RF by—passing. 


(44) Cathode paralysis 


During the 
transmitter pulse the grid 
receives a very large signal 
and rectification takes 
place in the anode circuit 
as well as the grid circuit, output 
the mean cathode current - SNe 
rising well above its normal 
value. The cathode by-pass 
condenser, Cy of Figs 734 


then charges, and at the end 

of the transmitter pulse the 

cathode may be sufficiently . 
positive for the valve current Fig-735- ; 
to be cut off. Even if this Coupling circuit for fixed 
does not happen the sensit— bias. 

ivity is reduced until the 

cathode has returned to its 

nomal working potential. 
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Fig.736 — Circuits for eliminating cathode paralysis 


Cathode paralysis may be dealt with in one of three ways. :- 


(1) The time-constant of the cathode circuit may be made 
so short that at the end of the transmitter pulse the 
cathode returns very quickly to its normal potential. 
In Pig. 736 (a), which is suitable for an IF stage 
operating at 45 Mc/s., the by-pass condenser of 0-001 AF 
is sufficient for thorough decoupling of the cathode 
et this frequency, while the time constant O Rx is 


only 0°22 microsecond. 


(2) If the IF is considerably lower the by~pass condenser 
must be increased with a corresponding increase in the 
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time constant, which may then become too long. In 
this case the RF by-pass condenser is shunted by a 
large electrolytic condenser (Fig. 736(b)), which 
prevents the cathode potential from rising to any 
appreciable extent during the transmitter pulse. 


(3) As an alternative.to (2), the time constant may be 
kept low by decreasing the bias resistor, the 
additional current required to maintain the required 
bias being obtained from a separate bias supply 
(Fig. 736(c)). This system is rather wasteful in 
current, since the bias supply must deliver a con~ 
siderably greater current than the normal cathode 
current of the valve (nine times as much in the case of 
the circuit of Fig. 736 (c)). 


39. Receiver Suppression 


If the large signal produced by the transmitter pulse can be 
prevented from reaching the receiver paralysis cen be avoided, At first 
sight, the simplest method is to short-circuit the input during the 
trananitter pulse but this presents some difficulties. A mechanical 
relay is not sufficiently rapid, and all electronic switches have appreo- 
jable voltage developed across. them by a large signal, With common T/R 
working such electronic switching is, of course, adopted, but the break— 
through from the transmitter pulse is still able to cause paralysis. 


The most 
satisfactory method of 
overcoming these diff~ 
iculties is to "suppress" PRIMING 
the receiver during the PULSE 
transmitter pulse. In 
many radar equipments a 20 : 
microsecond Priming pulse 
is used, the trailing 
edge of which coincides 
with the start of the 
transmitter pulse (Fig. 
737). This priming 
pulse is inverted to 
: give negative polarity, 
passed through a suit- 
able delay cirouit and is 
then applied as a 
suppression pulse to the 
suporessor grids of some 
of the signal frequency or 
IF stages of the receiver, 
thus rendering the latter 
inoperative during the 
transmitter pulse. 


TRANSMITTER 
PULSE 


SUPPRESSION 
PULSE 


Bye 
40. Anti-Clutter Gein DELAY 
Cont TO Fig.737_. Waveforms of simple suppression 
= circuit. 


The signals 
feceived from nearby ob= 


jects are very much : 
atronger than those received from objects which are more distant. If the 


gain of the receiver is increased so as to receive the latter, the former 
may be strong enough to saturate the receiver and may even produce 
paralysis (Fig. 738). It is therefore desirable to have some means of 
varying the gain automatically as the spot moves across the screen, the 
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gain being low at the beginning of the trace and reaching maximum as the 
spot moves to the end of its 

travel. Instead of the simple 

square-pulse suppression waveform 

of Fig. 737 a more complicated 

waveform such as that of Fig. 739 

is applied to the suppressor 

grids to give automatic variation 

of gain with range. After the 

transmitter pulse has ceased the 

voltage on the suppressors does 

not immediately rise to sero as 

in Fig. 737 but rises instead to 

a value just above suppressor 

cut-off (A of Fig. 739). 
During the time-base sweep the 
voltage rises exponentially to 
zero, the gain thus increasing 
along the time-base sweep, 
There are three variables which 
have to be adjusted for best 
results t- 


Fig.738_ A-type display showing saturation 
produced by echoes from objects 
at close range. 


(1) the suppressor voltage 
at A, 


(2) the time-constant 
of the exponent- PRIMING 
ial rise AB, and PULSE 


(3) the delay time, 
SUPPRESSION 
PULSE 


Of these the first is usually 
preset, the last two being 
under the control of the 
operator, When the controls 
are correctly adjusted all 
echoes from comparable objects 





are received at about the same { decay 

amplitude, the appearance of 

the screen being roughly as in Fige739 ~- Waveform of suppression pulse 
Fige 740. It will be noticed that providing swept gain. 


as the gain increases along the 
time-base sweep the noise level 
rises also. 


With a PPI 
display the setting of the 
temporal gain contro] 
differs from that needed 
with an A-type display 
since, even with equal 
echoes, the painting of 
the PPI is more intense 
nearer the centre. By 
the use of the controls 
the suppression waveform 
may be adjusted to give 
a reasonably uniform Fig.740. Au : 
painting of targets, at 8-7 A-type display with swept gain 
all ranges. 
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SHAPTER 17. 
AERIALS 


1. FONDAMENTAL CONSIDERATIONS 


The difection-finding methods adopted in rader rely almost entire- 
ly on the use of an aerial system with mown directional properties. 
Consequently, one is concerned here, much more than in communications, with 
the theory and design of asrial. systems with specified directional perform- 
ance, Again, in radar one is nearly always working with relatively weak 
received sigals. Consequentiy, in the design of a radar set to give a 
specified range of detection, one requires to know the efficiency of the 
aerials in producing an electromagnetic field at the echoing object and in 
collecting or receiving back the small return signal or Echo. This aspect 
of aerials is referred to as the gain. The directional performance and 
gain are obviously closely connected; a highly beamed system will have a 
large gain, Finally, as in ccumunications, one is often concerned with 
the which the aerial presents to the transmission line connect- 
ing it with the tranamitter or receiver. Often, for example, one requires 
an aerial whose impedance does not vary very much with change of frequency, 


There are, therefore, three points in which one is usualiy 
interested when discussing an serial: its directional properties, gain and 


input impedance. 


A quantitative discussion of the working of the RF side of a 
radar system is best done from the point of view of power relationships. 
Qne is not so much concernei therefore with the maber of amperes flowing 
in the transmitting aerial as with the number of watts it is radiating. 
Indeed, the form of the aerials (mirror, horn, waveguide, etc) usually 
makes’ it difficult to decide the point where an “aerial ammeter" might be 
connected, Also with receiving aerials one is not usually conoerned with 
the “effective height" or received field strength or voltage, but rather 
with the “effective area" relating to the amount of power which the 
reoesiving serial intercepts frem the incident wave. Hence in what 
follows considerable aaphasis will be laid on power relationships, end a 
minimum of discussion will be given on the flow of RF current in the 
aerials. 


TRANSMITTING AERTALS 
« Type of Wave Mnitted by a Tranmmitting Aerial 


The radiated electrogagetio field, when observed in free space 
at a large distance from any acrial, is similar to the plane wave dis- 
cussed in Chap. 5 Sec. 2. There is a transverse electric field & and 
also a transverse magnetic field E which lie in the wave-front, at right 
angles to one another and oscillating in phase. The wave-frovt travels 
out with velocity s, where 


ow 3x10° metres/second SOC C HHA RSEOOETOSESEOES (2) 


The wavelength ~ is related to the frequency f of the transmitter by 
the relation 


cos A f SHS SHOT OEHHSOTEHETH OHO AEHEOHHEDEDIOS (2) 


The wave-front is, however, only approximately plane. In fact it is 
spherical, with the aerial at the centre of the sphere. At lerge dis- 
tances a portion of the sphere can be regarded as plane, but due to this 
spherical spreading the field becomes weaker as the distance r from the 


aerial increases, 
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This spherical spreading of energy is common to many branches 
of physics. The intensity depends on the surface area, the product of 
intensity and area remaining constant. Fora sphere the surface area 
is proportional to r*. Thus the law for such phenomena is termed the 
Inverse Square Law. Henoe the power P in an electromagnetic wave is 
given by :- 


Pod 1 FOTSES EOE EHESEHEOSESHEREDESTEHSECESCROCESCOEESD (3) 


= 


However, the electric field E is proportional to,/P (see Sec. 7). Thus 
the electric field strength E follows the law :- 


Eo ZL SHeeeseeseseeesaeseesesaeeesosesesoaersesene (4) 


r 


In what follows the electric field in a wave will usually be considered, 
but it must be remembered that the magnetic field also is necessarily 
present. 


3. FPield-Strength Diagram of an Aerial 


py 
frp 

H 
In Sec. 2 the variation of Cy 
field with distance was discussed, 


leading to equation (4). This 

formila applies when one travels out 

from the aerial in a fixed direction. 

It is desired now to consider how E Fig, 741. ~ Method of taking 
varies when the point of observation field strength diagrams, 

is maintained at a fixed distance fron 

the aerial but moves so that the line 

from the aerial to the observer varies in direction. This means that 
the point of observation P must be moved over a large sphere of radius r 
with the aerial A as centre (Fig741). The value of E is required at all 
points on the sphere. In practice -ne often simplifies this by talcing 
two perpendicular great circles , as shown in Figi4l, and observing first 
round one circle (© variation) and then round the other (ff variation). 





As remarked in Sec. 2, the radiated wave consists of E and H 
at right angles. They determine the Polarisation of the wave, Cege, 
horizontel polarisation if E is horizontal and vertical polarisation if B 
is vertical. We can therefore choose the plane of one of the great 
circles in Figtl (say the plane of @-varistion) to be parallel to the 
direction of jg and the other (plane of g-variation) to be parallel to the 


direction of H. ‘The field strength diagrams are then said to be in the E- 
plane and H plane respectively. 


There is nearly always one particular position P, on the sphere 
where the field strength is a maximm, since most aerials introduce a 
certain amount of beaming. It is convenient to make AP, (Figts1) the 
line of intersection of the great circles and to measure the angles © and 
ff from this direction, 


If the field at P, is B,, then E at any other point P on the 
sphere will be expressible in the form 
E = EB, fr (0,9) SPESHSSSOSHESSSSESSOSS SES SHEFTESCSSEESTHSSCHECHEE (5) 
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f (©, J) is the ratio of the clectric ficld at any point (6, 9) compared 
with the electric ficld in the direction of maximum field strength. 
The solid figure defined by r = f (@, 9) is termed the three-dimensional 
poler diagram, In the plans@=0,9=0, r=f (9, 9) gives tw- 
dimensional polar diagrams in the E and H planes respectively. These are 
easily show graphically and are indicative of the threé-dimensional 


figare. 
4. Pield-Strength Diagram of Half~Wave Aerial 


The half-wave aerial consists of a wire half a wavel hl 
with a gap at the centre to which a balanced feeder is attached (Figl42 
leading from a transmitter. The current set up in the wire is not of 
uniform amplitude, being zero at the ends and a maximum in the middle, 
By analogy with standing waves on transmission lines or lecher bars, the 
current dietribution expected is sinusoidel. However, owing to feeding 
and end-effects the distribution is only 
approximately sinusoidel in amplitude and 


she phase is not uniform. The exact = —— iy 

results lead to difficult mathematical 9  G-—_____ ears 
manipulation and the sine-wave amplitude 

distribution and uniform phase give TWIN-WIRE FEEDER 
results which are comparable with those 


obtained in practice. It will be assumed 
then, that the current has the same phase 
all along the aerial, the currents at 

ail points on the wire rising and falling fip.742,. . 
together but to different amplitudes. ge] ir Foal iaciaad 
This is illustrated in Figi43. The y 
current in the wire arises from the 

movenent of electric charges (e.g. electrons). In any smal] part of the 
wire, such as the point P in Fig.i43, the charges are first moving upwards 
then they are slowed down to reat. Next they are moving dowmwards and 
then brought to rest again. Consider a charge moving upwerds with 
uniform speed (Figilhl,); lines of 

electric force will run out from this HIGH+VE 
charge in all directions. Wherever the VOLTAGE 
electric field is changing it is j 
accompanied by a magnetic field the i 
strength of which is proportional to hyp 

the rate of change of the electric ' 

field. Now let the charge be 


NO CURRENT|+ 


brought to rest, i.e., decelerated, { z|\Low { 

The electric lines will tend to go 4 EB) vOURCE: iy 

on but will be pulled back by the 4 2 y 
charge. "Kinks" will develop in : zt ’ 

the lines of force and will travel _ OEE 

outwards, straightening out the TIME “4 CYCLE LATER % CYCLE LATER 


lines of force to their correct 
Tague). relative to the charge 

Figi,5). We may regard the lines Fig.743. - 
of force as being in tension, with eee eee ee = 
the tension greater in the Kink H 
than in the line itself. The kink 

is the seat of en intense field 

and is travelling outwards to form the 
@lectromagnetio wave radiated by the 
charge as its velocity is redused to zero. 
The radial electric field is weak and 
weet at large oe but oe 

ink is strong. The strongest strete . eo ope 
ing ocours in the kink of a line suoh as es ee = 
CD (Fig. 745) at right angles to AB, the caine osc ie 
divection of deceleration, In any other oor 
direction CF, making an angle 9 with OD, 
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the kink is less pronounced. It is the component of the kink at right 
angles to the electric line which constitutes the radiated field, The 
radiated field is therefore proportional to cos @, this being the 
aomponent of the deceleration of the charge at right angles to the 
electrio line OF. Note that when the movement of the charge is sinusoidal 
instead of in jerks as hitherto considered the field is a oaximm when 

the charge is at rest, i.e., when the ourrent is zero. Thus the 

radiated field lags 90° on the current. 


The charges all along the wire are radiating and the field is 
obtained by adding up the wavelets sent out by each accelerated (or 
“‘desederated) charge. Thus the following results may be deduced 
(Fig. 746) - 


(4) since the polarisation of the 
wave radiated from each charge 
is such that E always lies in 
a plane through the aerial, 

(see Fige 746) the same 

condition holds for the resultant 
wave radiated from the whole of 
the half-wave dipole, 


(41) Since the dipole has axial 
symnetry, the field-strength 
i etrical C7 : 
erny itae acca ee hrougk cee Pig. 745. ° Kiriks in ele- 
of the dipole; in other otric lines due to a 
words, the H-plane field- deceleration of moving 
strength diagram is given by charge, 





E = E, ewoeeceeeesecceseseee (6) 


In polar co-ordinates this equation represemts a circle, 


(444) The radiated field strength Xo 
for each individual charge is 


proportional to cos @, s0 
that 


Ba B, COs O sscscosscesceces(7) = i 


A similar result holds for 

the dipole as a whole. E 
This result would be ha 
identical with (7) if we 

could assume that the wave- Pig. 746. - Polarisation 
lets from different charges of wave from half wave 


along the aerial add to- aerial - E in plane of 
gether arithnetically, In paper and H perpendicu- 
fact, this is not exactly lar to plane of paper. 


true. The wavelets from 
arrive at a distant point P 
quite at the same time as a 
wavelet from the centre © 
of the wire. Tie wavelet 
from PF, arrives earlier due 
to the path difference CD 
and that from Py arrives 
the same amount later due to 
the path difference PoF. 





When we add together the Fig, 74].- Phase diffe- 
effects from P, and Pp we rence between rays from 
must therefore make a pairs of points on half- 
vector addition so as to wave aerial, 
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allow for the phase 
lead and lag (FigJ48). 


The resultant has the WAVELET LEADING 
same phase as the wave- 
let a the mid~ REET ANT... ~ STANDARD OF PHASE 


point of the aeriel so 
that we may say, first 
of all, that the field 
appears to cone from 


WAVELET LAGGING 


the mid-point C of the Pig. /48,- Addition of 
aerial, This point wavelets, 


is called the Phase — 
Centre. Next we note 
that the phase lead or lag is greater as we move P and Po 


out to the ends of the aerial. Failure to use the vector 
method of addition is therefore more serious for wavelets 
from near the ends of the aerial than for wavelets near 
the centre. The latter are, however, more important than 
the former since the current is strongest near the centre, 
The phase difference between wavelets gets larger as one 
moves round from 9 = 0 to @ = 90°, The vave is therefore 
rather less intense away from the 6 = 0 position than one 
would find simply by arithmetical addition of wavelets. 


If the effects due to each elemental length are 
integrated over the length of the aerial the resultant 
field-strength Wiagram for aA/2 aerial is given by :- 


cos [F sin = amncccccccenccensncccccsens (8) 


E= Eo 
cos OG, 


It is convenient to 
denote the E-plane 
Pield-Strength Factor 
of a 4/2 aerial by a 
symbol, say D, 


coos (KX sin 0) 
2 








where D a Es 
E, con 0 -90 -60 -30 0 +30 +60 +90 
@@eEGREES) 


Fig. 749.- Field strength diagram 
of half-wave aerial, 


secccvcvccsesscceceee(9) 


A plot of equation (7) is show in FPig349 with the curve corres- 
ponding to the correct equation (8) indicated dotted, It will be seen 
that the difference between the results for equations (7) and (8) is mall. 
It is frequently convenient for mathematical derivations to assume that 
D = cos @, the order of error being indicated. A plot in polar co- 
ordinates is often used, the radius from an origin 0 being taken to 
represent E at the appropriate angle, This method of plotting is shown 
in Pigs?50 andl for equations (8) and (6) respectively. The field at 
& distance r measured out in any direction, not necessarily in the E ~ or 
H = plane, is similarly indicated by drawing radii of lengths proportional 
to EB. The ends of these radii lie on a surface as show in Fig./52. 
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ae 


Fig.750.- Pield-strength Fig.751.- Field-strength Fig.752.- Pield-st- 

diagram of half-wave ae- diagram of half-wave ae- rength diagram of 

rial (E-plane); aerial rial (H-plane}; aerial half-wave aerial 

in plane of paper. at right angles te plane (all directions), 
of paper, 





5e Isotropic Radiator 


Although the half-wave aerial is the simplest met with in 
practice, its field-strength diagram as shown in Fig./52 is still rather 
complicated and as a standard of reference it is convenient to consider 
a@ hypothetical aerial which radiates equally in all directions. Its 
field~strength diagram plotted in polar co-ordinates is a sphere. 

This aerial is sometimes called an Isotropic Radiator. 


6. Energy Density in an Electromagnetic Wave 


The electromagnetic wave propagated from an aerial is contimally 
carrying away energy, which must be supplied by the tranmitter, Re- 
calling again that the wave consists of an 
electric field and a magnetic field, we see that 
energy is divided into two parts, electric 
energy carried by the electric lines of force 
and magnetic energy carried by the magnetic 
lines. These two energies are equally 
important and are in fact equal in magnitude 
in a plane wave. Electric ergy by itself 
is familiar from consideration of a 
condenser charged up to a steady potential. 

“Consider the condenser to be made of two 
plates each being one metre square, and 
aced one metre apart, with air dielectric; 
Pig.753)- Fig. 753° Electric field 





v. 


energy, 
Its capacity kK, is readily 
calculable to be 
KR = 107” farads POM CeHEHVLOHE TOS HOH SOHO OOEDOD (10) 
36m 


The energy, W (electric) stored in the condenser when there is a potential 
difference of V volts across the plates is given by the formila 


Welectric)= % K, v* joules teceeniesadesssaseee (12) 


Regarding the electric field E in the space between the plates as the seat 
of this energy we may rewrite (11) as follows :- 


Since the distance between the plates is 1 metre, a potential 
difference V volts means a field E volts where 


E = v CHSSSHHE OT SESHEETHSOFS SHES STHSOHRO SH HEHE HESSEEOE EOE (12) 


Also the volume of the space between the plates is 1 cubic metre. Hence 
(11) becomes :~ 


Wy (electric) = $K, E* joules/cubic metre ........+0+ (13) 
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and we can apply (13) to give the energy density of any steady electric 
field in air. Now in the wave, one is dealing with un alternating 
electric field, The same formula (13) will apply, however, provided E 
is taken to be the RMS value of the field strength, It has already 
been remarked that in a plane electromagnetic wave in space the magnetic 
energy is equal to the electrical energy. Thus the total energy density 
W, for a wave whose electric field is EB RMS volts per metre wil. be 
twioe expression (13); i.e., 
¥, = kK, E* 
= 1079 Ee joules/cubic MCTTC cocecoveccceccceoe (14) 
36K 


7. Power Relations for a Plens Electromametic Wave 





Consider a wave of cross-sectional area one square metre (Fig. 
754). Let an observer 0 stand neer A watching the cross-section there. 
The wave is supposed to be moving to the right with velocity c metres/ 
second given by equetion (1). Now measure back from A a Gistance 
43 where 


M-~-€ METRES-—>| 





4B = c metres ......(25) 


The energy den- 


sity W, of the wave is a 
given by (14). Hence 2 

the energy in the 

portion AB is Pig. 754. - Power carried by a wave 


C.o1.1. W, joules; 


iee., using (1) and (14) 
the energy is 


3x 10° x 1079 x B* joules 
367 
or, simplifying, 


20K joules ee Re ere eer Rear (26) 


In one second the section BA will have moved to the right so 
that B is opposite the observer 0, since B moves with speed c metres/ 
second, Thus the energy that has passed through the cross-section at 
© in one second is that contained in the portion AB. This, with (16), 
leads to the important expression for the power P, passing through a 
aquare metre of wavefront := 


E*/20K joules/sec/metres~ 


i 


P, 
E*/.20% watts/metre* eecerocrevescseecece (17) 


This equation is quite analogous to the formula for the power P dissipated 
in a resiscance R chms with an RMS voltege V across it i= 


P = v2/R watts SPISSOCHSCHOCHTESSCEHHHHOES OHO EH OHEHOEEE (18) 


From a comparison of (17) with (18) it follows that the factor 1207¢ in 
(17) must have the dimensions of obms. This number is therefore some- 
times called the wave impedance, denoted by Z,.We thus have 


Zqr = 120 
= 371 OMB 2 cccwecccccrcescusererereeeeecevesee (19) 
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and 


P. = E/2, POSH OHSS H OHH OHHHOSHESOHREHHEHE HOS OOCHOROHE (20) 


The relations of this and the preceding paragraph apply to waves in air 
or free space. If the dielectric constant K and permeability 4 of the 
medium are not unity the expressions have to be modified slightly by the 
introduction of K amd ~ into the equations. 


8. Power and Field Relations for an Isotropic Radiator 


The power from an isotropic radiator flows out equally in all 
directions. Thus if the transmitter puts P watts into the aerial it is 
possible to calculate the power passing through a square metre of wave- 
front at any distance. Suppose it is required to find the effect at 
distance r metres from the aerial. Drawa sphere of radius r metres, 
with the aerial as centre. The area A of the surface of the sphere is 


A = 4 FT r@ SPHCESHCCOTOSSSHLAESFTESeETSESSCAESFO FOS (21) 


The power P is passing out uniformly through this area. Hence P,, the 
power per unit area of wavefront at distance r from this aerial, is given 


by 
P, = P/LK x watts/ SQUATO MOTTE coccessceves (22) 


Equations (17) and (22) enable the RMS field strength E to be expressed 
in terms of the input power P and the distance r. We have 


EB = P 
LOK Air 


or 


E= vaee RMS volts/metre SeOoooseroseeer (23) 


for an isotropic radiator. 


9. Power and Field Relations for Any Aerial 


Even the simplest aerial, the half-wave aerial, does not 
transmit power equally in all directions, and in general, as remarked in 
Sec. 3, there is a "best" direction into which most power is sent. 
Suppose a -given aerial is required to produce a field strength E. at a 
point distant r. ‘The serial is disposed so that the distant point lies 
in the aerial's best direction. It is then supplied with power P,. 
This power will be less than the power, P' say, required by an isotropic 
radiator to give the same field at a distance r. The given aerial is thus 
more economical to use than the isotropic radiator and is said to have a 
Power Gein g where 


& = Pt /P SHOHSSEHSHOSEEHESHSEHSESEHSHEHSEEESEOEE (24) 


(As mentioned in Chap. 3 Sece,gain is usually expressed as the logarithn 
of a ratio, whereas here it is simply the ratio.) The power gain of an 
aerial can be measured experimentally or, in a few cases, it may be 
calculated. If the power gain is mow, then the performance of the 
aerial in its best direction is equal to that of an isotropic radiator, 
supplied with g times the power. Hence the field strength at distance r 
from en aerial supplied with power P is given by (23) after replacing P 
by oP, lele,y ‘ 


Ey = Cee RMS volts/metre ....sssecseseeee (25) 
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for an aerial of gain g, in its best direction. 


Example 

A highly beamed aerial used in a radar set has a power gain of 
300. The porer output is 100 kilowatts. What field strength woul” be 
detected by an enemy listening station 50 kilometres away ? 

(a) From equation (25) we have 

E, = __30.100,000.300 

30 ,000 
= 0°6 RMS volts/metre, 


(b) The answer may also be obtained from first principles, 
using the result that power per square metre is /120% 


Thus te 
Suppose that an isotropic radiator is fed with 100 
kdlowatts. Consider a sphere of radius 50,000 metres. 
The area of the surface of this sphere is 
4 . 25. 10° square metrese 
Hence the power per square metre at the surface of this sphere is 


10° 
ee ee 
47 =. 25. 10 


= 1079/f%  watts/square metre 
With a gain of 300 we should obtain 
-5 
Ae watts/square metre, 


Hence required field strength E, is given by 


2°. 30021075 , 
120 XK 


dee. 3 E,* = 0.36 





or E, = 0°6 RMS volts/metre. 


10. Power Gain of Half-Wave Aerial 





The field-strength diagram of a half-wave aerial gives the 
variation of field strength E at a given distance r as the direction of 
the observation point is varied.Knowing the field-strength diagram of any 
aerial on¢ can, in theory at least, deduce the gain in the following 
manner, Draw a sphere of radius r with the aerial at the centre and 
divide the surface up into small areas such as dAe Find from the field- 
strength diagram the field strength E at any small area on the sphere. 

The power flowing through the area is proportional to E*,dA and so a 
measure of the power coming from the transmitter is obtained by inte- 
grating E*.dA over the surface of the sphere. Now obtain from the field- 
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strength diagram the field strength E, in the best direction (and using 
the same units as before). From an isotropic radiator one would obtain 
E, all over the sphere's surfa the power required to maintain this 
would be proportional to &4T Ey « The ratio of this to the power 
required by the given aerial gives the power gain. For the half-wave 
aerial we have approximately 


E = E, cog © 
where E, can be taken as unity. Thus the power required is proportional 


to 
ff cos” 8 dA 
the integration being over a sphere of radius r. This gives 83C x and, 
3 


dividing into 4 It r@, we obtain the result that the gain of a half-wave 
aerial is 3/2(1°8 ah. § The gain is in fact a little greater than 1°5 
sinoe the field-strength is rather sharper than cos @. An integration 
using the exact fomnula gives the correct result as 1°6 (or 2°Okdb). 


In general, for any aerial, we may write 
Eoaf (e, ¢) SSCSCHSSSESHSSESSHSSOHSSESSHEHCECS HFC OFCSEHHEGESESES (26) 


where f (0, 9) = 1 in the best direction. Then 


2 
= = SOSTSHHHSSCHSOCEEHETOEOHEDOE 
g NG aay aE (27) 


the integration being over a sphere of radius r. Equation (27) can also 
be written 


g= Sc CHCHHHEH CECE HOSONECECOROS (28) 


Sf2? (e, 9) aw 
where GW is the element of the solid angle = dA/r*. 


il. Input Impedance 


Since the radiated wave carries power away from the transmitter 
an aerial can often be similated by an impedance EB, + ji,. The resistive 
part Ry of the dummy aerial mist dissipate es heat the seme amount of 
pover as the aericl radiates, It is usuaily called the Radiation 
Resistance . The reactive part X, corresponds to the storage of field 
energy in the vicinity of the aerial in the same way as energy is stored 
in a condenser or coil. Such stored energy near the aerial does not 
travel out into space like the radiated energy. Unlike the energy in 
a plane wave propagated out into space, the energy in the reactive 
storage field ia not necessarily equally divided into electric energy 
and magnetic energy, and the aerial reactance may be capacitive or 
inductive according to which type of stored energy predominates. By 
special design, however, the two may be made equal and then the reactive 
term becomes zero. An aerial which is designed so that it has no re- 
active component of input impedance is termed a resonant aerial. The 
factors determining the resonant length are discussed later (Sec. 13). 
The shortest resonant length for a centre-fed aerial is just less than 

a/2. It is usuel to talk of a X/2 aerial when the resonant length 
aerial is meant. The value of the radiation resistance is calculated 
from the current at the terminals and the power radiated. This involves 
a fairly detailed investigation and the result for the centre-fed half- 
wave aerial in free space is 73 obms. 
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Figd43 shows that the centre-fed half- 
wave aerial is being driven at a place where = | », | 
the current is high and voltage low, and the 
radiation resistance would be expected to be 
comparatively low. This type of aerial is 
said to be Current-Fed, If, however the 
feeder is attached to the end of the aerial as 
in Fige/55 it is fed at a place where the 
voltage is high and the current low. This 
method of End-Feeding is therefore referred to m 
as Voltage-Feed. The input resistance for a oe De 
voltage-fed half-wave aerial is very high, its erent 
exact value depending on the thickness of the 
acrisl wire or tube. A voltage-fed half- 
wave aerial shown connected as in Fige755 
vmbalances the feeder, Voltage-fed aerials 
are therefore often used in pairs, one on each side of the feeder, as shown 
in Pige756- The pair is sometimes referred to as a Full-Wave Aerial or 
better, as an End-Fed Peir. The radiation resistance of such a pair of 
voltage-fed (or end-fed) half-wave aerials is given in the following table. 
These results have been verified by experiment. 


Radiation Resistance of a Pair of Voltage-Fed 
Helf-Wave Aerials made of Cylindrical Tubing 






TWIN WIRE FEEDER 


(Fig.756) 
Wavelength/diameter Resistance in ohns 
100 920 
200 1300 
300 1500 
4,00 2700 
600 2000 
800 2200 
1000 2400 
2000 3000 
3000 3300 
4000 3600 
6000 4,000 
8000 4300 
10000 4.600 
«---%2----- ----- ees 
The field-strength diagram 
and power gain of the pair is TWIN WIRE FEEDER 
different from that of a single half~ 
ee eee Fig. 756 - Pair of half-wave aerials 
oC 50+ voltace fed (end-fed pair). 


12. Q-Factor of a Resonant-Length Aerial 


Only when it is cut to resonant length, i.e., a little less than 
A/2, is the input impedance of a centre~fed aerial equal to a resistance 
of 73 ohms without reactance. When it is longer than the resonant length 
the impedance is inductive and when shorter it is capacitive. This may 
be deduced by comparing the half-wave aerial with a short section of open- 
cirouited transmission line approximately A in length (Chap. 4 Sec. 14). 
rm 


Thus if the aerial is cut to be a resonant length for a certain trans~ 
mitter frequency fy and then the frequency is raised higher than fy the 
aerial becomes inductive,and if lower it becomes capacitive, The aerial 
thus behaves like a series tuned circuit, consisting as in Fig.757 of a coil 
L, condenser C and resistance 73 ohms. 
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The values of L and C are such that at frequency ty their reactances are 
equal and opposite so that they cancel out and the circuit appears like 
a resistance of 73 ohms. The input . 

impedence (magnitude and phase) of the 

resonant length aerial is therefore of 

the fona shown in Fig./58. One is 7 C730 

usually interested in the selectivity 

or sharpness of the impedance curve, [™ 3 

i.e., the Q-factor of the aerial. 

It is found that this depends on the 

thiciness of the tubing or wire from Pig.757.- Equivalent circuit 
which the aerial is made. Thin aerials of centre-fed half-wave aerial, 
have a higher Q then thick ones, The 

Q-factor of a resonant length aerial 

is given in the following table. 

This is based on theory, the results 

applying to either centre-fed or end-fed aerials. Few figures are 
available on the practical side but the values of Q obtained experimentally 
appear to be rather higher than the theoretical ones. 


Theoretical Q-Factor of a Resonant length 
Aerial made of Cy. i Tubing 









Wavelength/dianeter Q 
10 1°6 
25 2°7 
50 3°5 
100 4e3 
200 5*2 
500 5¢7 
4,00 6-0 
600 6°5 
800 6°8 
1000 70 
2000 7°9 
3000 Beh 
4,000 87 
6000 9°2 
8000 9°5 
10000 908 
sy 
Z|? 
45° 










INDUCTIVE 


OF IMPEDANCE 





MAGNITUDE 


FREQUENCY 






fo FREQUENCY 


Fig. 758.- Magnitude and phase of input impedance near Tesonance, 


13. Faotors affect the Resonant 


4s indicated previously, a oentre-fed aerial in free space 
(coge suspended by fine strings from a high beam) is found to have a non-~ 
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reactive input impedance for a length rather lesa than 0.5 A. 


is not quite sinusoidal especially near the extremities. 


found that the non- 
reactive impedance occurs 
when the length is about 
O+48 X . Curves of 
variation of RB, (for 
two values of the ratio 
wavelength to diameter) 
and X,. (for three 
values of the ratio) 
ageinst length of aerial 
are given in Figse759 
andl60, respectively. 
Note that the radiation 
resistance varies, but 
not s0 critically as the 
reactance. This 
variation in resistance 
probably accounts for 
the fact that the values 
of Q given in Sec. 12, 
end based on a constant 
resistance, are 10% to 
20% too low. 


In practice 
insulators have often to 
be used, and it is 
clear that an insulator 
fixed to an aerial at a 
place where the current 
is high and voltage anell 
has little effect on the 
aerial, Thus end-fed 
resonant length aerials 
are usually supported at 
their centres (Fig.756). 
An insulator fixed where 
the voltage is high will 
load the aerial like a 
condenser and makes its 
effective length greater 
than its physical length, 
For this reason aerials 
are often out shorter 
than the resonant length 
so as to allow for insu- 


lators at their extremities, 


RECEIVING AERTALS 
14. General 


It is 
emphasised in Seo, 2 
that the wave emitted 
from a transnitting 
aerial has a spherical 
wave-front but at large 
distances a small portion 
of the wave-front is 
effectively plane. 
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appears to be due to the fact that the current distribution along the wire 
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Pig.759.- Resistance of centre-fed aerial. 

















































































































800 > 1 oom ~~ 
: WAVELENGTH | 
DIAMETER —#?—--—_+-— 
=n L eee : | 
T | 
aren 
600 on +A 
feat —j—— { | J 
soo — 
[. ! 
WAVELENGTH 
dae | L “DIAMETER "200 
as i+ 4 4 | 
wee = Ae dee eat 
a WAVELENGTH 
ty I Diameter 720° 
200 — 
den 
| its 
190 Ppt tp 
si | 
T ieee 
5 | it LENGTH _ 
loa os oe | 07 WAVELENGTH 
+ pon - 
-100 —t = r Becak s 
1 
lt | : | rot 
-200 rote | ' aac 
| si } i { | | t | 
} | 
-300 F— ! + ea +—} | cf ae ae 4 
t ee | | L 
-400 pol [yh ad ifs as | [ees 





























Pig. 760. - Reactance of centre-fed aerial. 
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Thus a receiving aerial is usually subject to the 
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incidence of a plane electromagnetic wave. This wave sets up an EMF in 
the receiving aerial. The EMF for a given incident field strength depends 
on the direction from which the wave is incident, and a plot of this EF 
against direction gives the field-strength diagram of the receiving aerial. 


In order to utilise the BiP v, a load zg is attached to the 
terminals of the aerial. Current then flows in the load, However, this 
current also flows in the aerial, which consequently radiates some power 
away. Thus the current i in the load is not equal to v__ , but is given 
by 2g 


$e 
ay + 2, 





POSES SSHST SCH SHESHHTOSHHHOSEOPECOSH OO (29) 


where 5. is the impedance of the aerial, The 
equival3nt circuit of the receiving aerial 
corresponding to equation (29) is shom in 


Fig.761. The useful power, i.e. the power (~)e 
in the load, is a maximum when the load is te 

matched to the serial impedance. This means, 

if the aerial has impedence R,, that the 7 


load should be équal to =, If the aerial 
has a reactive component and impedance R,, 
+ j,, then the load impedance should be 
equal to Ry = jXr. (See Chap. 3 Sec. 4). 


Under matched conditions, half the power Pig.761.- Equivalent 
is obtained in the load and half is re- sircuit of receiving 
radiated, In what follows it will always aerial. 


be assumed that the load is matched to the 
receiving aerial. 


. For a given incident field strength one is interested in how 
much power the aerial passes to the load, Owing to the non-uniformity of 
the field-strength diagram there is an optimm direction fram which to have 
the wave incident. It is possible to compare matched reoeiving aerials 
by observing how mach power is obteined in the load of each aerial when it 
is subject to a given incident field strength in its optimm direction, 

A bypothetical aerial which receives equally from all directions is taken 
as standard (Isotropic Receiver) and the ratio of the power picked up by 

the aerial to the power picked up by the isotropic receiver is the power 

gain of the aerial in reception. 


Thus receiving aerials, like transmitting aerials, have a field- 
strength diagram, impedance and power gaine It has lang been realised, 
almost intuitively, that these three properties of an aerial are the same 
when the aerial is used for reception and for transmission. A proof 
oan be given, based on Maxwell's equations, and it is generally referred 
to as the Reciprocity Theorem.f In dealing with the properties of 
particular serials one usually treats the aerisl as a tranamitter. The 
results are applicable also when the aerial is used for reception. 


15. Power Relations for an Isotropic Receiving Aerial 


The hypothetical isotropic receiving aerial is supposed to have 
a matched load attached to its terminals. If a plane wave of field= 
strength E RMS volts/metre is incident on the aerial, an EMF is set = 
in it and power is transferred to the load. As stated in Sec. 7, the 
power flow in the incident wave is (equation (17)), 


Pa = watts/square MCELE cecsccsevevecece (30) 





120% 
Effectively, therefore, the aerial is intercepting same of this power and 


tT See Chap, t Seo, 7. 
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transferring it to the load, ~The aerial can therefore be represented by 
an area placed normal to the direction of the wave and of such a size that 
it intercepts the same amount of power as is found in the load. This is 
called the Effective Cross-Sectional Area of the aerial for absorption. 
Denoting it by A, square metres, the power P, in the load is given by := 


Py = Pp. bo watts SOHOCECOHOO TER EROTOEOEHLH OOOO (31) 


It can be sham that the effective cross-section of the isotropic 
absorber is given by the formula :- 


Ay = a 2A square Metres cecsesccesccses (32) 


Thus the power in the load of an isotropic receiving aerial under the 
incidence of a field E is from (30), (31) and (32) :- 


PB = P. 4, 


s Ee 2 a2 
120% & TC 


“E E(*) WGA. bode-dvsunvaedackedesanedesr (25) 


16. Power Relations for any Receiving Aerial 


Even the simplest aerial, the half-wave aerial, does not receive 
equally from all directions. In its best direction it has a power gain 
of 1°6 over an isotropic aerial. In general, if an aerial has a power 
gain g , end if the wave is incident from the best direction, then the 
power in the load is g times the power in the load of an isotropic 
receiving aerial subject to the sane wave. Alternatively one may say 
that the effective cross section A of the receiving aerial is g times 
that of the isotropic receiver A,, Hence we have 


A= gho, 


or, using (32) ’ 


2 
A = ga SHSHSSSSEHDHSSTSSSEHSARHSCHE HEHEHE HOOBEO (34) 
LT 


The power P in the load for an incident field strength E RMS volts/ 
metre is given by 


P=PA 


A ,2 
= 130 ( or) Watts coccscccccsccesesese (35) 


Formila a (54)(ond also (32)) giving the effective cross-section for 
absorption by a receiving aerial is of great importance. 


17. TRANSMISSION AND RECEPTION 





The arguments of Secs. (9) and (16) enable one to solve the 
problem of calculating the power received from a distant tranemitter 
Tx (Fige762). Let the distance between tranmitter and receiver be 
rmetres. Let be the transmitted power, gp the gain of the trans- 
mitting aerial & the gain of the receiving aerial. The power 
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passing through unit area of wavefront at distance r fram the transmitter, 
in the best direction of the 
tranamitting aerial, is 


oe watts/square metre 
“ rat 2aff Fe 
Seeecveeseeeo ss @ 36 


The effective absorption cross- Pig. 762. - Transmitter and receiver, 


section of the receiving aerial 
in its best direction is 
(see equation (34)) 


2 
& A” square MCtVES coccccecccccesccscssesceece (37) 
rh  § 


Hence the power Pp, in the receiver is given by the product of (36) and 
(37) :- 


2 
P = P. ° 
R T & pA watts SPHSCSSHSSHSSFSESCSSHTOSHSO SEO SESHESEVE (38) 
167 2" 


This power FP, is conveyed by feeder or waveguide to the receiver temninals 
(Fig.762). If the impedance looking into the receiver terminals is a 
resistance, Ri olms, then the voltage Vp, across the receiver terminals ia 


given by 


2 
Py = WA /Ry 
or VR =/Py Ry BMS Volts cccececocevccccecoessecees (39) 


Example 

A radio altimeter works on a frequency of 5,000 Mc/s., with a 
power output of ¢ watt. The transmitting aerial has a gain of 100 and 
is fitted under the aircraft and directed vertically dowmwards. If the 
sirereft is flying at a height of 3,000 metres find what signal would be 
detected by a man on the ground equipped with an aerial whose gain is 
500. 


Using formula (38), or from first principles, we have 


Pa = Py gp & A? 
(4 TC xv) 
Here Fn =, &p = 500, A= 0006, r = 3,000. 
Substituting, we find 


Fa = (5.107*). (107). (54107). (3641074) 
(16 9¢ *)(9.20°) 


25.10" es 


. 
oft 


0°06 microwatts 


=~ 
oe 
{32 
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If the receiver input resistance is 80 ohms, what aignal voltage would be 
obtained at the receiver 7? 


We have v2 = 25.10% 

80 an 
ve 5.1078 
2*2,.10°3 RMS volts 


= 2°2 RMS millivolts , 


< 
rl 


PROPAGATION AND RECEPTION OF SHORT WAVES 
18. Scattering by an obstacle 


Consider a metallic d6bstacle, such as an aircraft, in the path 
of a radio wave. The obstacle acts as a receiving aerial and intercepts 
part of the power in the wave. A receiving aerial is usually matched to 
a load (Sec, 4), in which case half of the power intercepted goes to the 
load and half is re-radiated, When there is no load, as in the case of 
a perfectly-conducting metallic obstacle, all the power intercepted is 
re-radiated. The re-radiated power may be picked up by a receiving aerial 
placed near the original transnitter and this arrangement is then an 
example of radar. 


The obstacle acts as a kind of relay tranmaltter between the 
actual tranaaitter and receiver. In practice most obstacles have 
complicated field-strength diagrams, but for simplicity it has become the 
custom to consider each aspect separately, ¢.ge, for an aircraft, the 
tail-on, head-on and side-on aspects. Fixing on one aspect one notes 
the power received and assumes then that the cbstacle is trananitting 
back to the receiver like an isotropic radiator. This simplifies cal- 
culations. 


The result is that an obstacle, in a given orientation relative 
to the radar station, is assumed to intercept sane fraction of the power 
incident on it and to re-radiate this power back to the radar station as 
if the obstacle were an isotropic radiator. If P_ is the power per 
square metre in the incident wave expressed in watts/square metre and 
P watts is the power re-radiated by the obstacle (considered as an 
isetropic radiator) then the effective area of the obstacle, its Echoing 
Area (or Equivalent Echoing Area) is A, square metres where 





Pe Po A, SOSHSH SHO EESSHHEEEHESSEHEHESOOESON OSC OND (40) 


(compare equation (31)). 


In radar, the wavelength is usually small compared with the 
dimensions of the scattering obstacle. This being so, the echoing area 
A, of a flat metal plate of area A normal to the wav2 is given by :- 


he Ae BICOIAD x Riwatecnienaeiegces US 


It increases as A , the wavelength, is decreased, On the other hand, 
most obstacles such as aircraft are curved. In this case the beneficial 
effect of reduction in wavelength is neutralised by the curvature be- 
coming more important at small wavelengths. On the whole there is no 
simple relationship between A, and A. For a medium bomber A, is 

about 20 square metres for centimetre wavelengths. 


Exemple 
A radar set works on a wavelength of 10 an with peak pulse 
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power of 100 kilowatts. The same aerial is used for tranamitting and 
receiving, its being 250. The minimua power detectable by the 
receiver is 107~4< watts. What is the maximum range of detection on a 
medium boanber? 


The flux of power at range R metres from the transmitter is given 
(equation (36)) by 


Po = @ Bp 
41 R? 
250.10° 
430 B 

= 6:25.10° watts/square metre . 
R' 


The echoing area is assumed to be 20 square metres (see Sec. 18). 
Hence the power P, re-radiated is 


Pr = 6*25440°, 20 





tt 


Se PaO e cede crreneeneeeesseseesesen 
TR oe 
= 125,408 

TR watts 


If this is radiated isotropically, the power flux from the 
aircraft at the receiving aerial is 


Fy 
4 TC Re 


The gain of the receiving aerial is 250, 30 its effective area is 


250 %2 
4 


ise. 6°25 Square MEtTeS ceccscccscccsecveccscsscess (4d,) 
10% 





Watts/SQUALE METTE ccocccceccesecescccenes (43) 


The power received is the product of (43) and (44); i.see, 


Pr #05 
an R2 LOT 


Aeg5agh © 6°25 
LIT 10% 


= Sete 40? watts . 


a 


R 
This is to be equal to the minimm detectable signal of 107? watts. 
Thus 

64.109 = i972 

= 


so thet R* = 6*he1 087 
and R = 28000 metres = 28 km 5173 miles. 


19. Range of a Radar Set 


The above example illustrates the method of calculating the 
maximum range of a radar set. The general formula is obtained as 


follows :- 7148 
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Let P be the transmitted power in watts, & the wavelength in metres, and 
g the gain of the aerial (used for transmitting and receiving). Then at 
range R metres the flux of power P, is given by 


Pa —e watts/square MOTTE cesesecccccccvcce (45) 
4w RB 


(compare (22) and Sec. 9). 


Now 1et the echoing area of the target be A, square metres. Then the 
power P* re-radiated by the target is :~ 


t 
P =P, A, 


= oe “watts BPOTHOCSEECHRSTOSESOTECE SOSH TEES (46) 


The flux P, of power, back at the receiver, distant R metres from the 
target is 


= A 
ae watts/square MOLLE coccececcsocs (47) 


The effective cross-section A of the receiving aerial is given by (34), 
ieee, 


2 
As an square metres. 


Thus the power P'' received is 
Ptt = APS 
= s Q2 FA, 


tte . 
(am)? Be watts 


Vv 
If the minimm detectable power is P, then the maximum range of detection 
n 
R is given by the equation 


P= Me PAZ 42 
amt 13 Be 


or R = Ae* (B/y)# o AB. ee, (AT) “3 metres eco... (48) 


The aerial is often a circular mirror of diameter 2r and area 3 (2r)*/he 
For such a mirror it can be shown (equation (76)) that 


g= 4 Te (ar)? 
A2 4 


gi=2Kr 


Thus we find that 
Ga Aas e (P/E) + 2F e ars e ( x /64)* metres eeoceve (49) 
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It is remarkable that the maximum range increases only as the fourth root 
of the transmitted power. It is directly proportional to the diameter 
of the mirror. 


20. Reflection from Ground and Sea 





In most of the preceeding sections it has been assumed that the 
aerial has been in free space, i.e., entirely independent of its position 
with respect to the ground or sea. It will be show in the following 
sections that the field-strength diagram of any aerial can be considerably 
modified by reflections from the ground or sea. In order to investigate 
the behaviour of radio waves incident on the ground one must imow the 
electrical properties of the earth, Consider a condenser made up from 
two metal plates with the space between filled with soil. The earth is 
not a very good insulator and the arrangement is most simply represented 
as a resistance or, better, a conductance G in shunt with a capacitance, 
C. When a high frequency alternating current is applied to the plates 
the admittance is given by 


G + J we SHeSCHeHSReeHeHesesreseesesisesceserese (50) 


where W/2qt is the frequency. It follows from expression (50) that for 
iow frequencies the term G will be bigger than the term C end thus the 
earth behaves like a metal at low frequencies. On the other hand at 
sufficiently high frequencies WC will be bigger than G and the earth 
will behave as a dielectric. 


The conductivity of the earth varies considerably depending on 
the dampness and type of the soil or rocks, However, when average 
values are substituted in (50) it appears that for all wavelengths used 
in radar, the WC term predominates and thus the earth can be considered 
to be a dielectric. The dielectric constant is generally taken to be 
10. 


Now consider the case of the sea. Again one takes a condenser 
with sea water between the plates and arrives at expression (50) for the 
admittance. The conductivity of the sea is much higher than that of 
land and the G term is therefore much larger. ‘The frequency at which 
the conductive and susceptive terms of (50) are equal is approximately 
1000 Mc/s (wave length 30 an.). For frequencies well below this value 
the sea behaves like a metal whilst for much higher frequencies it 
behaves like a dielectric, Broadly speaking, cn metre wavelengths the 
sea acts as a metal and on centimetre wavelengths the sea acts like a 
dielectric, The dielectric constant is 61. 


21. Horizontally Polarised Waves Incident on Ground 


As explained above, the ground acts as a dielectric for radar 
wavelengths. The incidence of a wave on the ground is thus similar to 
light falling on a glass surface. Part of the wave is reflected and 
part refracted. For normal incidence the well-imow optical law, 


fraction reflected = n-l 
I, 


applies, n being the refractive index, The index of refraction of glass 
is 15 and of the earth 3¢2 (square root of dielectric constant). 
Consequently, reflection of radio waves from the surface of the earth 

is more pronounced than that of light waves from glasse 


Suppose now that the wave is polarised witi the electric vector 
horizontal. At the point of incidence of the ray o2 the earth, we have 


Ves 
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three electric fields E (In), E(Refrac) 


and K(Reflec), for the incident, 
reflected and refracted rays. The two 





just above the surface must add to~ (ELEErac ae 
gether to equal the one just below the REFRACTION 3-2) 


surface (Fige763) > Leo 


Pig.763.- ‘Horizontally polarised 
radar waves incident on earth, 


‘E(In) + E(Reflec) = E(Refrac) CHessoceseresereosece (51) 


Owing to the high index of refraction, most of the wave is reflected and 
E(Refrac) is mall, so that we have approximately, from (51), 


E(Reflec)= -E(In) SHHSSSESHSHEOSSH SSSR HOSTHEESHESC HES HOSET (52) 


‘There is thus a sudden phase change of about 180° on reflection and the 
reflection coefficient is practically unity. Reflection is most 
complete when the rays strike the surface at a small glancing angle, and 
falls off as one approaches normal incidence, The fraction reflected 
at normal incidence is about 50%. 


22. Horizontally Polarised Waves Incident on Sea 


Take first the case of centimetre wavelengths, As explained 
in Sec. 20, the sea then acts like a dielectric, and similar considerations 
arise as in the previous paragraph. Reflection is, however, more 
cauplete owing to the very high index of refraction, viz. ,/81 or 9. 
Bven at normal incidence the reflected ray is 90% the amplitude of the 
incident. 


In the case of metre waves the sea behaves substantially 
metal, Take an incident and reflected wave as shom in Fig.764. ‘The 
resultant electric field at the surface must be amall (Chap. 5 Sec. 3). 
Hence the electric fields of the incident end reflected waves must be 
roughly equal. and opposite. The reflection 
coefficient is about unity and there is a 
phase change of 180° on reflection. 


Thus, with horizontally polarised Ev Ener 
waves of any radar frequency, incident on : AIR 
the sea, the reflection coefficient can be SEA (METAL) 


assumed to be unity with a phase change of : 

180°, The sea is liable to be rough and, Fig. 764. - Horizontally po- 
for short wavelengths, the roughness is of larised metre waves inci- 
the same order as the radio wavelength. dent on sea, 

Reflection is not then specular anda ~~ ; 

definite reflected wave may not be found. 


23. Reflection of Vertically Polarised Waves 


eo 













EARTH 
(DIELECTRIC 
WITH INDEX OF 
REFRACTION 3:2) 


Eaics Ererr DIELECTRIC 


Pig.765.- Vertically polarised ra- Pig. 766, - Brewster angle. 
dar waves incident on earth, 
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The reflection of horizontally polarised waves discussed in 
Sec. 21 and 22 is comparatively simple, and the general result is that 
reflection is nearly always practically complete but with 186° phase change. 
When the electric field of the wave is vertical the situation is more 
complex. In this case the electric vectors in the incident, reflected 
and refracted waves are not parallel to the surface (Fig. 765) and the 
fitting together of the fields across the boundary is a comparatively 
aifficult process. 


Take first the case of any radar waves incident on the earth or 
of centimetre waves incident on the sea. The medium then behaves like a 
dielectric. At one particular angle of incidence the reflected and 
refracted rays are at right angles and the electric field E (Refrac)of 


the refracted wave is parallel to the direction of the reflected ray 
(Fig. 766 ). The electrons in the dielectric, oscillating under the 
influence of E (Refrac) radiate nothing along the direction of E (Reflec) 


and so the reflected wave is zero, This is the Brewster Effect, the 
appropriate angle of incidence being called the Brewster Angle. Measured 
from the horizontal it is about 17° for earth and 64° for sea. ‘The 
Brewster effect will occur when the earth or sea is behaving like a 
dielectric, i.¢., for all radar wavelengths incident on earth and for 
centimetre wavelengths incident on sea. At angles to the horizontal 
below the Brewster angle, the reflection takes place with phase reversal 
(Fig. 767); above the Brewster angle, without paase change (Fig. 768 ). 


Set ee AIR 
DIELECTRIC DIELECTRIC 


Pig.767.- Reflection of vertical- Fag.]68.~- Reflection of vertical- 
ly polarised waves below Brewster ly polarised waves above Brewster 
angle (Note: The refracted ray is angle (Note: The refracted ray ia 
not shown), not shown), 


In general, subject to certain rescrvations discussed in Sec.26, 
vertically polarised metre waves are reflected fran the sea without phase 
change and with practically perfect reflection. The resultant field parall- 
el to the surface at the point of incidence is zero, the sea acting like a metal 
for these wavelengths, 


24. Effect of Flat Earth on Field-Strength Diagram (Horizontal Polarisation) 


Consider a horizontal half-wave aerial A >laced height h 

above flat ground; (Fig. 769). Toke a roy going off at an angle a@ 
above the horizontal and another at cn angic G& below the horizontal, 
These rays are equal in strength. The dowi-going ray hits the earth or 
sea and as indicated in Sec. 21 and 22 it may be assumed to suffer 100% 
reflection with 180° phase change if the angle of incidence is not near 
the perpendiculer direction. At a far distant point P the direct ray 
AP and the indirect ray ABP come together and have to be added 


ve fe 
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vectorially. Draw AN perpeniiculer to the surface and produce to at 
with A'N = AN and join A'B. Then from the Fig. 769, 


A'B = AB, 


P(éT VERY 





&-" B EARTHor SEA 





Fig.769.- Horizontal half-vave eer- Fig.770.- Isotropic radiator 
ial and image, - and image, 


Thus, so far as the path length is concerned, the ray ABP can be replaced 
by the path A'BP. Indeed one can put an Image source at A‘, consisting 
of another half-wave aerial fed with equal power and imagine the earth 
to be removed. Since the ray ABP suffers 180° phase change at B, the 
image source A’ must oscillate 180° out of phase with A (Fig. T69 ). 


Consider now an isotropic source a height h above a flat earth 
and radiating horizontally polarised waves. The image is a depth h 
below the earth. The field-strength diagram of the pair is found by 
taking a pair of parallel rays, from the source end its image, making an 
angle a with the horizontal, The fields are added vectorially at a 
distant point. Referring to FPig.770, AN is dram from the source A 
perpendicular t6 the lower ray. The path difference of the two parallel 
rays is A'N; in addition there is the fixed phase difference of 180° 
between source and image. 


When the angle @ is very small the path difference A'N is 
also small and the total phase difference is 180° so that the resultant 
is zero. Thus no wave is propagated in the direction of grazing in- 
cidence along the earth's surface, As the angle @ is gradually 
inereased from zero the total phase difference between the two rays 
increases from 180° towards 360°, at which the two rays are in phase and 
reinforce. This condition arises when A'Nis A /2. For a given dX, 
if the distance 2h between the source and image is very large, « the angle 
need not increase greatly from zero in order to make A'N = A/2e ; 
The bigger the base-line, so to speak, the sooner the path difference 
develops. 





Fig.771,-Field Strength diagram Wig.772.- Pield Strength diagrem 
for aerial distance A/4 apnove for aerial distance 4/2 above 
earth, earth, 
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To take a few examples, suppose h = A/es then @ must increase 
to 90°, with the rays shooting straight up, before a total phase difference 
of 360° is achieved. The field~strength diagram in polar co-ordinates 
is then as shom in Fig.771 - When h=A/2. the vhase difference. 
is 180° for rays shooting straight up, and the field strength diagram 
is as illustrated in Fig.772 . as the height is increased, more and 
more lobes appear, there being a lobe between 0° and 90° for every A/2 
of height above the growmd., These are often called Interference Lobes. 
For an aerial system 7A above the earth there will be 1, lobes as 
shown in Fig.773. The lobes at low angles are approximately equally 

- spaced in angle and occur at 2°, 6°, 109 14° ... but at high angles the 
angular spacing opens up, with the lobes more widely separated, or Lid 
height above the ground, the first lobes would be at 1°, 3°, 5°, 7° scees 
and soon. The angular difference between the lowest lobes is in- 
versely proportional to the height of the phase~centre of the aerial 
free-space field-strength diagram, 


systems 
Wp. 
the field strength at a given = Z 


distance in the direction of the ———— 
first lobe is twice the free-space : 
value. Thus equation (25) the . 

Souee wala ie o eet ee ie Pig.773.- Field Strength diagram 
four times the power gain of the for aerial distance 7A above 
aerial in free space and the maximum earth, 
range of detection of a ground 
radar system is twice the free space 
value; (see equation (48)). 


When the beaming of the 


aerial system is not too strong, 

so that the first interference lobe 

occurs near the maximum of the WN \ 
BESS 


25. Effect of Flat Earth on Field St: h Diagram (Vertical Polarisation 





From the results of Sec. 24 and 23 we deduce the following 
facts for vertically polarised radar waves incident on ground. Up to 
the Brewster angle (17°), the effects are similar to those for horizont- 
ally polarised waves, with lobes depending on the height of the aerial 
system above the ground and as in Sec, 24. Near the Brewster angle the 
reflected rey disappears. Above the Brewster angle reflection takes 
place without phase change, and broadly speaking, maxima and minima .in’ 
the field-strength diagram sre interchanged from their positions in the 
horizontally polarised case (Fig. 774 ). 


For vertically polarised centimetre waves incident on a smooth 
sea the same results hold but the Brewster angle is now 65°. 


For vertically polarised waves of several metres in wavelength 
incident on the sea, there is no phase change on reflection. The 
maxima and minima of the horizontally polarised case are here inter- 
changed and, in particular, there is a lobe at sea level (Fig. 775 ). 
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BREWSTER 


ANGLE (===S3 ANGLE 





Pig, 7/4.7 Field Strength diagram Fig.775.° Field Strength diagram 


{vertically polarised waves) ~ (vertically polarised metre 
for aerial distance 7A above waves) for aerial distance 7X 
earth, above sea, 

26. S of Effect of Flat Surface 


The following table shows the lobes in the vertical field- 
strength diagram of an isotropic radiator placed 14% above earth or 
sea and summarises the results or the two preceeding paragraphs :- 


Polarisation Wavelength Surface Lobes 

Horizontal Any radar = Land 1°, 3°, 5° and so on. 
Horizontel Any radars Seta 1°, 3°, 5° and so on. 
Vertical Any radar Land 1°, 3°, 5° up to 17° 


then change over to 
4s? , 20°, 22° and so on. 


° 
Vertical Centinetre Sea 1°, 3, 5° up to 6 
then change over to 
8°, 10°, 12° snd so on. 


Vertical Metre Sea 09, 2°, 4°, 6°, 8° and 
so on, 


Thé free-space field-strength diagram is split up into lobes depending on 
the height of the phase centre above the earth's surface. Mathematically, 
the free-space field-strength factor must be multiplied by 


ctn| (360° h sin a)/a| CHCESHRSSEH HOHE EHOL EET ET OSEHE (53) 


or 


coa| (360° h sin @)/2 | puceinuvectsdessasussixetes? (OM) 
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according to whether there is or is not change of phase at reflection. 
Although the maximum range of detection is increased by the presence of the 
lobes, the zeros in between the lobes give gaps in the radar coverage. 


Generally speaking, reflection is more complete and the 
formation of maxima and minima is more straightforward with horizontally 
polarised than with vertically polarised waves. With the metre waves 
used in radar, one is inevitably working over the wavelength band in which 
the sea is changing from a "metal" to a "dielectric". This changeover 
does not take place suddenly and so the simple treatment given above shows 
only the essential details of the effect of the sea on vertically polarised 
Wavese 


To take an example, suppose we are dealing with 3-metre waves, 
vertically polarised, and incident on the sea. A detailed investigation 
shows that there is a pseudo-Brewster angle at 2°. The lobe at sea level 
is thus unlikely to be well developed. For wavelengths of a metre and 
upwards this pseudo-Brewster angle is inversely proportional to the 
square root of the wevelength - at 30 metres it would be about 2/3° - and 
only on quite long wavelengths will the sea give exactly the effects of 
& good conductor at very low angles of elevation. 


The choice of polarisation for a coastal or sea-borne radar 
using metre waves to detect low-flying aircraft has been a matter of sane 
controversy. Observations show that with vertical polarisation there is 
considerable sea-clutter (i.e., scattering back from sea-waves) up to. 
ranges of about 20 miles, but with horizontal polarisation sea clutter 
is small. On the other hand the ranges of detection of low-flying air- 
craft are about the same for either polarisation. It appears therefore 
that there is more field strength at sea level with vertically polarised 
waves, but a little above the sea the field strength of horizontally 
polarised waves soon becomes appreciable. The results obtained clearly 
depend on the height of the aerials above the sea, and the matter is thus 
further complicated, Most British radar sets for aircraft and ship 
detection use horizontally polarised waves. 


27. Gap Filling 


One method of filling the gaps in the vertical field-strength 
diagram is to employ two aerial systems at different heights above the 
ground, These can be arranged so that many of the gaps in one field 
strength diagram are filled by the lobes of the other and, by switching 
as required, a target may be followed continuously. 


Anotner method is to use a combined array of vertically and 
horizontally polarised aerials. From the previous paragraphs the maxima 
and zeros are interchanged for angles above the Brewster angle when the 
polarisation is changed. 


28 Effect of Earth's Curvature : Refraction 


Consider an aerial system A at height h feet above the earth's 
surface. The earth is aporoximately a sphere of radius 4,000 miles and 
the geometric horizon for this aerial system is at the point P in 
Fige776 Although radio waves of large wavelength are diffracted easily 
round the earth's curvature, short waves as used in radar do not diffract 
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appreciably into regions beyond and 
underneath the optical horizon. 


Strictly speaking the 
horizon is slightly more distant Pp 
for radio waves than the geometric 
point in Fig.776- This is due to 
the fact that thesé waves are bent 
or refracted in the earth's atmos- 


phere. Fig.776.- Optical horizon, 


Under normal conditions, 
the dielectric constant of air is 
1*00055. Higher up in the atmos- 
phere the air becomes less dense 
and the dielectric constant approaches more nearly to wnity. Thus a ray 
travelling up into the atmosphere is continually passing from more dense 
to less dense regions in the optical sense. In accordance with the 
principles of refraction, the ray is therefore continually bent away fran 
the normal. The effect is very small but is made more appreciable by the 
presence of water vapour in the atmosphere. Owing to its molecular 
structure, water vapour has a dielectric constant of 1°01 at normal 
temperature. Thus, although the amount of water vapour in the atmosphere 
is only l°4%, its efficacy as a refracting medium is comparable with thet 
of the air itself. The percentage of water vapour decreases as one as- 
cends into the atmosphere so that again we have the effect of bending the 
radio rays. <A ray starting out at a small angle to the horizontal is 
therefore slowly bent round and can reach a point more distant than the 
geometric horizon. It is found that this can be allowed for approximate- 
ly by assuming the radius of the earth to be 6,000 miles instead of 
4,000. 


> 


The effect just described is normal refraction. Occasionally 
in tropical climates the water vapour content is high, and varies very 
rapidly with height. In this case Super-Refraction takes plave, the 
rays may even bounce several times fron the earth's surface, and con- 
siderable penetration takes place into the region beyond and beneath 
the geometrical horizone This phenomenon is also termed Ananalous 
Propagation or briefly Anoprop. 


COMMON TYPES OF AERIAL ARRAYS 


29. Broadside Array 


An arrey is ean aerial system built up from a number of elements, 
and arranged to give a fieldestrength diagram of some desired form. In 
the case ofa broadside array the elements are arranged in a plane so as 
to give a sharply beamed lobe in a direction normal to the plane of the 
array. The elements are usually half-wave aerials and such arrays are 
mainly used on metre wavelengths. As described in Sec. 4 a half-wave 
aerial radiates a spherical wavefront with the mid-point of the aerial 
as phase centre, i.e., as centre of the sphere. The field strength 
varies, at a given distance, according to E, D(Q), given in equation (9), 
in the plane of the aerial. In working out the field-strength diagram 
of an arrey it is convenient and correct to ignore this field strength 
veriation in the first place and simply replace each half-wave aerial by 
an isotropic radiator or “point source” placed at the mid-point. The 
correction factor (9) can then be introduced when the field-strength 
G@iagram of the array of isotropic sources has been evaluated, 


30. Linear Broadside arr 


This is a broadside in which there is only a single row or 
column of elements fed in phases Thearray may take four different forms 
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in practice according as the elements are hérizontal or vertical and 
stacked vertically or horizontally. The four cases are illustrated in 
Figs.777 to780. Replacing the elements by point radiators as explained 
in the previous paragraph, one obteins either a row or colum (i.e., a 
line), of point radiators. 


«4-7 is Mp 


‘e . 
‘ 


Fig. 77].- Vertical Pig. 7/8.- Vertical 
atack, line, 





Pig.7/9.- Horizontal line. Fig. 780.- Horizontal row, 


The field-strength diagram of such a line of isotropic radiators 
is obtained by adding up the waves, sent out in any direction, from all the 
yadistors, In this section we shall limit discussion to arrays in which. 
all the elements are equally energised. 


Consider first the field-strength diagram in the plane through 
the line of radiators, i.e., the plane of the paper in Fig./81. Take 
parallel rays going out from each radiator making an angle @ with the 
normal direction, Consider the ray from the centre radiator as standard 
if the number of elements is odd; if the number is even, introduce as 
standard a further hypothetical ray from the geometrical centre of the 
line of elements, Now the rays from the elements can be grouped in pairs 
on either side of the standard, one ray of the pair leading and the other 
lagging, by the same amoumt, on the standard, Such a pair is indicated 
by AB, CD in Fig./81 with phase lead GF and phase lag GJ respectively. 

By the same argument as in Sec. 4. (See Fig{48) the resultant field fron 
such a pair has the same phase as the standard ray. Thus, the phase 
centre of the array is its mid-point. At a great distance it appears as 
if a spherical wavefront were spreading out from this point. 


The variation of 


A S c 
the strength of the wave as Sy ‘s 6! 
the direction 9 varies is NA as 4 \ 
found by adding up all the 
i D 


! 

I 

| 
rays. This is conveniently B STANDARD 7 
done simply by taking them in RAY 
turn fran left to right and ! 
adding vectorially. The 
vector addition can be done Pig.781.+ Line of isotropic radiators, 
either graphically or alge- 
braically, The result " 9 8 
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depends on the spacing between the point radiators. This spacing is 
nearly always 2/2 in practice, and the field-strength diagram is then 
given by := 


sin [90% sing] SSSCHSSHSSHESCHEHLERSOASHEELERE 
ae = [90° sin 6] (55) 


where n is the maber of elements in the array. Expression (55) is 
often called the Beaming Factor and sometimes the Grating Factor. De- 
noting it by B(@) we have therefore :- 


p(e)= #42-120% sin ol Peeeavesseceseversecnsee (56) 


sin [90° sin © | 


This is plotted for n= 2, 4, 6 and 10 in Pigs782,783,784, and78. It 
must be multiplied by the field-strength factor of the individual element 
in this plane in order to obtain the actual field-strength distribution 


of the array. 


The field- 
strength factor for 
the array, ina 
plane through the 
centre of the line 
of elements and per- 
pendicular to its 
length (ise. a 
plane through G in 
Pig.781 and per- 
pendiculer to AGC 
is oonstent. There 
is no change in the 
field strength as 
one goes round the 
line of isotropic 
sources at a con- Fig. 782, - Beaming fuctor for two aerials spaced 
stant distence in A/2 apart, 
this plane. in 
the case of the 
actual array, however, 
the field-strength 
factor of each in- 
dividual element must 
be multiplied in. 


Referring 

to the arrays illust- 
rated in Figs./77,778, 
779 and7e0, it is now 
possible to obtain 
their field-strength 
aiagramsin the two 
planes in terms of B, 
given by Oe and D, 
E~plane is ioearig oor 
the O-plane ane 
as eens in Pig.783.- Beaming factor for four aerials 
accordance with Seo. 3. spaced A/2 apart, 
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Pig. 764,- Beaming factor for six aerials spaced A/2. apart, 


Figure 


777 


778 


773 


780 


axial s 
D(@) is vreplad te ‘by the 


Desaription 


Horizontal Half-Wave Aerials 
in Vertical Stack with Half- 
Wave spacing, 


Vertical Half-Wave Aerials 
in Vertical Stack tip-to~ 
tip. 


Horizontal Half-~Wave Aerials 
in Horizontal Row tip-to-tip 


Vertical Half-Wave Aerials 
in Horizontal Row with Half- 
Wave spacing 


Plane 


Vertical or 
H~plane 


Horizontal 
or E-~plane 


Vertical or 
E-plane 


Horizontal 
or H-plane 


Vertical or 
H~plane 
Horizontal 
or E-plane 


Vertical ox 
E-plane 


Horizontal 
or H-plane 


equation (56) 


aced 


CD) 
B(@).D(@) 
constant 
constant 
B(@).D(0) 


D(e) 


B(P) 


ae closets other than half-wave asrials, but yet possessing 
ee then the above table can be applied provided 


appropriate field-strength factor. The main 


features of the beaming factors shom in Figs782,783,7, and785 are as 


follows :- 
right angles to the Line of the array. 
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There is a large maximus or Main Beam in the direction at 
The direction of this maximum 
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is sometimes called the Line of Shoot. Besides this there are a number 
of smaller maxima 


or Side Lobes. 
The phase 
2: wi oe 
angle varies through d 
the position of zero : Bete ees 


amplitude from one 

side-lobe to the 

next. An exception 

may occur between 

adjacent lobes at 

right angles to the 

main beam. The Ave 

width of the main 

beam decreases as the 90 80 70 Go ‘$0 4D 0 50 0 

SSS” HN art eee 
ases. T 

Besm Width is usually PA Se Ae ae as are fe apes | 

defined as the number 

of degrees across the 

beam at helf-maximm Fig./85.~ Beaming factor for ten aerials spaced 

amplitude. This is /2 apart. 

plotted as a function 

of the number of c 

elements in Pig.786. A rough rule, valid for a large number of elements, 





is 
beam width in degrees = (0 x warelength Sereeeeseceeece (57) 
width of array , 
The field-str diagram of the individual elements, being rather 


rage (Fig.749) hardly affects the beam-width when the number of elements 
s large. 


When. 
the nusber of 
elements is 
lar, the i 
fires sidecloue:. 
is about 21% of 
the amplituile 
of the main 
maximum. 


The 


Gh, 


oe: 

given later, 

is about three 
times the len- 
gth of the 
array expressed 
in wavelengths. 


The 
choice of the 
aerial systen WIDTHS IN WAVELENGTHS: 
for any parti- 
cular function Fig. 786. - Beam width of broadside, 
can be made 
from the table 
above, A 7 3 1 
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beacon aerial, required to radiate all round and beamed in the vertical 
plane to prevent radiation being wasted by going vertically up into the 
sky would be best taken from Fig. 778. An aerial required to receive 
signals from a particular direction but from aircraft at any height would 
be as illustrated in Fig.779or Fig.780 


assess os Oo 


I | 


ene [0 


XM PHASE CENTRE 
cee ed Tt bel 0 
ett Di rvid 
Fig.78].- Complete broadside Fig.788.~ Coniplete broadside 
with horizontal polarisation, with vertical polarisation, 
31. ete Broadside 


The complete broadside has elements in colums end rows fed 
equally and in phase. The elements will usually be half-wave aerials 
arranged either horizontally (Fig.787 ) or vertically (Fig.783 ), with 
centre spacing 4/2. To obtain the Pield-strength diagram of the broad- 
side one first replaces the elements by point sources as in the previous 
paragraph. One then takes, say, a horizontal row of point seurces and 
finds its beaming factor By (6), by the method adopted for the linear 
arrey. Its phase centre is at its mid-point so that the whole hori- 
zontal row may itself be replaced by a point source at its mid-point 
radiating a spherical wavefront and with beaming factor By (0) in the 
horizontal plane end constant in the vertical plane. Doing the sane 
for all the horizontal rows, one finishes with a vertical line of point 
radiators. Assume now that these radiate isotropically. The phase 
centre is at the mid~point, 1.¢., at the centre of the whole array. The 
beaming factor in the horizontal plane is constant. In the vertical 
plane there is a besming factor BY (9). For the whole array one takes 
the produgt of all the factors. Hence for horizontal polarisation we 
find :- 





Half-Wave Horizontal Vertical Whole 
Aerial Row Row Array 
Horizontal (9) By (e} constant D (6). B, (6) 
Plane 
Vertical constant constant B { 
Plane By (7) v ) 





The corresponding results for vertical elements are obtained by reading 
“vertical" for "horizontal" and vice versa everywhere in the aoove table. 


If there are n elements in a horizontal row and m elements in 
the vertical column, with 4/2 spacing between centres, then 


B, (0) = Sa (99D sin Ooo ceeenseeeee (58) 


sin(90° sin 6 ) 
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= 8Sin_(90° m sin 9) 
BL (¥) wins (90° aan 9) POSSSHSSHSSSSSESESSHESEHOHOSSE (59) 


The field-strength diagrems of Figs/82,783 ,784 and785 can thus be used to 
find the horizontal and vertical beaming factors of the complete broadside. 
When the beaming is great, with a large number of elements, the D(@) factor 
of the individual elements hardly affects the beam width. 


This type of aerial, the complete broadside, is used to obtain 
greater beaming in the two plenes than is possible with a linear array. 


32. Use of Reflecting Screen behind Broadside Array 


The broadside arrays 
described above radiate both 
in front and behind as shown 


in Fig. 789 . This is 
objectionable for most radar 
purposes and a reflecting 


metal screen may be positioned 
behind the array. This has Fig.789.- Broadside without re- 

the effect of blocking out flector (polar plot). 

the backward radiation. In 

order to investigate the effect 

of the screen in greater de-~ 

tail consider a single half-wave aerial a distance a in front of a metal 
sheet; (Fig.790 ). As is well Imow, there can be no electric field 
along the surface of a good conductor (this is sometimes referred to as 
a boundary condition). Hence there can be no electric field along the 
line AB in Pig.790. 

Now remove the metal 

sheet and place a x 
half-wave aerial a 

distance 2a from the 

first, fed with the + 
same power but driven ae 
anti-phase (Fig.791). ~ 
at a point P on the 

line AB there is an B 
electric field E due 





to eachdipole and Pig.790.- Aerial 

because of the anti- and metal reflector, Fig. 791.- Aerial and 
phase relationship image, 
these are as show 

in the 


Their resultant is 

at right angles to 

AB, i.e. the electric 

field due to this combination is zero along AB. Thus the field is zero 
along AB in both cases Fig. 790 and Fig.791. By such arguments it 
follows that, s0 far as the field to the right of the screen is concerned, 
the two arrangements are equivalent, This is indeed just the principle 
of images, well knowm in optics and already discussed in Sec. 24, 


Now consider the broadside array with a metal screen behind it. 
The phase centre of the broadside without the screen is at the centre of 
the array; (Sec 31). Replace the metal reflecting screen by an image 
source, anti-phase but of the same strength (Fig/92). ‘The radiated 
field to the right of the srray with screen is obtained by multiplying 
the field-strength factor of these two anti-~phase isotropic sources by 
the besming factor of the array alone. The beaming factor of the array 
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is already know from Sec. 31. The field-strength factor of the pair of 
antiphase sources depends on their distance apart, 2a. In practice a is 
usually 4/8 so that the source and its image are A/ apart. The field- 
strength diagram of such an arrangement can be given by the formule :- 


2 

5 § 
EIS -7 > 
wl" or 77 
9 Bi XG Fig.792.- Array with image. 
- “7 \ 

IMAGE 4-77 | PHASE CENTRE | ___ 

PHASE CENTRI OF ARRAY 
«Ye -He-%-> 


eee ae 
Fig.793.- Beaming fac- aes WC Nea (sp 
tor due to metal sheet edt ee NE 
placed A/g behind array, NL ote UIE ake 





90-80 -70 -60 -50-40-30 -20 -10 0 10 20 30 40 50 60 70 80 90 
DEGREES 


E DJB sin (45° 008 © ) covesccccccresovsseesseces (60) 


which is plotted in Fig.793. Due to this factor there is a slight sharp- 
ening of the beam, and a slight reduction in side lobes, because of the 
reflecting screen. The phase centre of the arrangement is in the plane 
of the screen. Formula (60) applies only in front of the screen, i.¢., 
from @ = -90° to @ = +90°, Behind the screen the field is always zero. 
Finally it is emphasised that the beaming given by (60) applies not only 
in the O-plane but in all planes normal to the screen. 


33- Wire Netting Reflector Screens 


In practice, a complete metal sheet is objectionable since it 
would have a high windage area. The reflecting screen is normally made 
of wire netting. Some radiation thus leaks through the back of the 
goreen, Suppose the sereen to be made of wires placed vertically and 
horizontally, forming a square or rectangular network. It appears then 
that the wires effective in reflecting back the wave are those lying 
parallel to the electric field, and the spacing and thickness of these 
wires is the determining factor in judging how much radiation leaks 
through. Let the wires parallel to the electric field be of diameter da 
and spaced s apart; (Fig.794). Then the amplitude of the electric 
field leaking through the netting is given, approximately, as a fraction 
of the incident electric field, by the expression :- 


58 2 108¢(zr) Veseriputoweceesesesaeress v (GL) 


the quantities s, & and d all being expressed in the same units. The 
factor 2s/A shows that the main requirement to ensure small leakage is 
that the spacing s of the wires shall be quite small compared with the 
wavelength. In addition, the logarithmic factor shows that thick wires 
are preferable to thin ones. Wire netting is often made with a 
hexagonal mesh and, due to the method of twisting together, some sets 

of wires are thicker than others; (Fig.795). Clearly this netting 
should be oriented so that the thick wires are parallel to the electric 
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Fig. 794. - Wave incident on 
wire netting. 


Fig.795.° Hexagonal wire netting, 


As an example of formula (61), to give orders of magnitude, let 
us assume 


s= 3", d= 1/16" and A= 60". Then 


i fesmee) e) = 23 11 4 
EB (incident 60 °F 6( Te ) 
“16 


= ge (0995) 


= 1°6 per cent. 


If d= 1/32", the answer is 2°7 per cent. The wire must be a reasonably 
good conductor for RF and thus iron wire should not be used unless coated 
over completely by scaue other metal such as zinc or tin. 


In theory, a reflecting screen behind an array should be infinite 
in extent. If it is not sufficiently extended beyond the aerials at the 
sides of the array, radiation will leak round the edges of the screen and 
shoot out behind. In practice it appears that the screen need not extend 
more than A/2 beyond the centre points of the outermost helf-wave aerials, 
and indeed an extension of only 4/ from the centresof these aerials is 
often found in practical installations, without, apparently, resulting in 
any appreciable loss. 


34 Power Gain of Broadside array 


Since a broadside of half-wave aerials has a considerable beaming 
in its field-strength diagram, the power gain is high, The calculation 
of the power gain by the method of integration of power flow across a 
sphere is difficult. An approximate answer can be obtained as follows:- 


Assume that R, is the radiation resistance and I the RMS current, 
both measured at the centre of each half-wave aerial, (In practice all 
the aerials do not have the same radiation resistance due to mutual 
coupling. Neglect of this variation does not appreciably affect the 
accuracy in most cases). The power in each aerial is I and, if there 
are N aeriels altogether in the broadside, the total power P is given 


by 
Ps NTR Pe cet lececemucs Dean teaewates esau (62) 
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At a distant point in the best direction, the fields fran all the aerials 
in the array add up together. The array thus gives the same field at 
this point as would arise from a single aerial carrying current NI at its 
centre, i.e., supplied with power P! given by 


Pp = (NI)2R,. SSOCHHCHESESHHESSOHEHOOHREHEHSCOOSD (63) 


Thus the power gain & of the array relative to the half-wave acrial 
is given by . 


& = P'/P 
= N SPHSOHSSSHSHSHSSHSERSCHESESOHEEHEHOSHOESEH OE (64) 


The power gain g relative to an isotropic radiator will (by Sec. 10) be 
1s tines this, iste, 


g = 3N/2 Seceseceesoseseceecesessreeresecen (65) 


If a reflecting sheet is used behind the array, the gain is approximately 
doubled, so that finally, for a broadside of N aerials with reflecting 
soreen, 


£ = oN SCUOKSHTSSOEHER ESSEC HOFEHeEL SOO eSrverees (66) 


The effective cross-sectional area A of an array of N serials with %/2 
spacings is rather indefinite since the reflecting screen projects beyond 
the serials. With the practical extensions of the screen discussed in 
Sec. 33, each aerial, including the outermost ones, is accounting for an 
area A/2 square. ‘Thus, assuming that this still holds for each aerial 
in the array, A is given by :- 
A=-N » 42 
(3) 


eseotsceesetoesseueereseeee (67) 


=n A? 
E 


Substituting for N in (66) and (67) we obtain 


B= teheg 


A more accurate calculation, for a large broadside, gives 


g= 4 TCA SOSHH TES SHS TESTS ESSE EHO TOLOEE (68) 
A2 

and this latter is the formula which should be used, It will readily be 
apparent that these results depend rather much on the assumption of A/2 
centre-to-oentre spacing between the aerials. It appears that this is a 
reasonable spacing to adopt and very small or very large spacings should 
be avoided, With close spacing, interaction between aerlals becomes more 
pronounced and nullifies the increase in gain which would otherwise be 
expected, For spacing much greater than A./2 side lobes are introduced 
with a consequent waste of energy. 


The general idea of the "area approach" to broadside arrays 
should be noted :— 


A given area or aperture A is available from space, mobility 
and other considerations. It should then be possible to obtain a power 
gain g given by the equation (68). This is done by filling the space 
with half-wave aerials placed about A/2 apart and backing the space by a 


736 


Chapet7, Sect.35, 36 


reflecting screen; (Fig.796 ). The 
beam width in the horizontal plane is 
dependent on the horizontal width of 
the array, and in the vertical plane 
dependent on the vertical dimension. 


35. Feeding Arrangements for 
Broadside Arrays 


The first requirement in 
feeding a broadside array is to ensure 
that the elements are radiating in 


phase. This will be so if the Pig.796.- Schematic diagram of 
elements are placed at intervals of broadside array backed by re~ 
A/2 along the feeder, provided it flector sheet. 


is an open wire feeder and that the 
feeder is crossed over between each 
serial. The velocity of propagation 
in polythene-filled feeders is about 
2/3 that in free-space and A in such 
a feeder is 2/3 of the free-space 
wavelength, and allowance must be 
made for this. The next requirement 
is to obtain reasonable matching 
between the aerials and feeders. 
Centre-fed half-wave aerials are un- 
suitable because, when several are 
paralleled, the load on the feeder is 
suall (73/N ohms, where N is the 
nunber of aerials.) Most open wire 
feeders have a characteristic 


ADJUSTABLE TAPPING 


impedance of from 300 to 600 ohms. ADJUSTABLE 

It is therefore more convenient to : SHORTING BAR 

end-feed the half-wave aerials (Sec. 

11) and so obtain loads of the order Pig.797.- Bay of half-wave 
of the feeder impedance. A slight aerials, 


mismatch osn be removed by the use of 

stubse In practice, therefore, broad- 

side arrays are often built up in 

bays - each bay consisting of tw 

stacks of half-wave aerials, end-fed 

(Fig.797). The bays must all be fed in phase and with the seme amount of 
power, This is ensured by careful cutting of the feeder lengths and by 
matching each bay to its feeder. 


The input resistance of a pair of half-wave aerials has been 
given in Sec. 11. However, due to coupling between the aerials end the 
proximity of the reflecting screen, the input resistance may differ consider- 
ably from the free-space value. This neglect of interactions between 
the aerials affects the theoretical arguments of Sec. 3h, but the final 
results (65) and (68) are probably not far wrong owing to compensating 
factors. 


36. Example of a Complete Broadside Array 


A broadside array measures 25' x 10° and consists of 40 half- 
wave aerials arranged with A/2 spacing between their centres, the wave~- 
length being 5'. The array is backed by a metal reflecting screen. 
Find the power gain and the beam widths in the two principal planes. 


From (68) we have 
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= 126 
or 20 db. 


In the plane thro the long dimension there are ten aerials in a line 
and hence from (57 


beam width = 70.5° 
25 


waar. 
Alternatively the same result may be obtained from Fige/86 . 


In the plane through the short dimension there are four aerials 
in a line and, from Pig.796, the beam width = 34° 


Formula (57) gives 70x5 35°. 
10 


37. Tapered Feed to linear Broadside Arrays 


Returning to a consideration of a line of radiators (see Sec. 30) 
the field-strength diagrams shown in Figs./82, to 785 have an objection- 
able feature, namely the small side lobes on either side of the main besm. 
Sometimes difficulties and mistakes arise in radar due to signals being 
transnitted and received back via the side lobes, as well as by the main 
lobe. Side lobes may be eliminated by Tapered Feeding which may be 
explained as follows :< 


Take two half-wave aerials placed 4/2 apart end fed equally 
and in phase. Neglecting the field-strength factor of the individuel 
aerials, which may be introduced as a correction factor at a later stage, 
the field-strength diagram is as shown in Fig.782 . There ere no side 
lobes, but the main besm is, of course, very wide. The field-strength 
factor obtained from (56) with n = 2, is 


sin ( 180° sin 9 
ca oo ane CSCO CO OEE EOE HHEOEOSO OEE HOSEOS (69} 


A plot in polar co-ordinates is shown in Fig, 
798. The phase centre X is half-way betwoer 
the aerials » and they may be replaced by a 
source positioned at that point. Now take 
another similar pair of aerials fed with the 
same currents as the first, and place the 
two pairs together as shown in Fig.799. 
Each pair is replaceable by a source at its 
mid-point so that the arrangement of 

Fig. 799 is equivalent to that of Fig.780 , 
ise. two sources A/2 apart. The field- 


strength diagram of these two sources is Fig.798.- Field-strength 
the same as the original, Hence the diagram of two aerials spa- 
resultant field-strength diagram of the ced A/2 apart and fed in . 
arrangement of Fig.799 is equivalent to phase, 


that of three aerials fed with currents 
1, 2, 1 units respectively (Fig. 801 ). 
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The phase centre of these three aerials is at their mid-point. The resul- 
tant beaming factor is the square of that given in Fig.782, for the two 
aerials only. Continuing this process, combine 1, 2, 1 units with another 1, 
2, t units placed so that the mid-points or phase, centres are N/2 apart. 
Then the original beaming factor (69) again arises for this vair and the 
resultant beaming factor is the cube of the original ons, This arrangement 
is equivalent to four aerials fed with currents t, 3, 3, 1 units, The 
phase centre is at the mid-point. 


o- 
x 
-O O- 


Pig. 799.7 Combination Pig.6800.- Replacement Fig.801,- Two pairs com- 
of two pairs, of pairs by sources . bined te form three aer- 
at phase centres, dials fed in ratio 1:2:1, 


It is clear that the process can be extended and the required 
currents in the aerials will be as show:s- 


umber of 
Aerials Currents Beaming Factor 





= sin (180° sin 9 
2 aad T (0) = sin (290i 
3 2, 2,1 [= (07? 


4 1,3; 3,2 [t 073 
5 Ly he 6» by 2 Lt (/* 
6 1,5,10,10,5, 1 [2 17° 


n 
nel i,n,; n(n) » n(neL)(n-2) a coon 1 Lr0)7 


16263 


As the original beaming factor is raised to higher powers, the 
beam becomes sharper. © For example, consider eleven aerials fed with 
" currents 
1, 10, 45, 120, 210, 252, 210, 120, 45, 10, 1, 


and spaced 4/2 apart. The beaming factor of this arrangement is 


sin (ase sin) 10 
sin sin 0 


and. the corresponding field-strength diagrem is plotted in Fig.802 . 

fhere are no side lobes but the besm is much wider than one would obtain 
with a similer nuaber of aerials fed with equal amplitudes. Comparison 
with Figs.783, 784 end785illustrates the effect. The beam width at half 
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amplitude in Fig.802 is 26°, whereas if eleven equally fed aerials were 
used the beam width would . 
be (from formule (57) 

or Fig.786) about 

63°. If the two end 
aerials of the present 





arrangement were 1 
omitted the field- rr yore 
strength diagram rc Her AHH 
would not be altered Hee iceles AHH 
much, since they I Ih 0 


are carrying so 
little current, but 
even then (nine 
elements) the beam 
width is much 
greater than that 
for the same number 





TT 
TY | 
PTT Py 
rt Th 
H+ Pos LT 
HH tI UI 
AH ACH TI 
‘Oo 


of equally fed 
aerials. Fig.802. - Beaming factor for eleven aerials 
spaced A/2 and with binomial dis- 
The tribution, 





method of feeding 

described above 

involved high 

currents in the centre elements, tapering off to small values at the end 
elements. It is therefore called Tapered Feed, Since the number's 
representing the currents in the elements are also the coefficients of x, 
in the expansion of (1 + x)", the distribution of currents is es 
called » Binomial Distribution. (As n becaes increasingly large the 
binoemiel tapering tends towards the Gaussian distribution familiar in the 


theory of probability). 


At the moment of writing this type of array is not in use, but 
it may be found in future developments at very short wavelengths. In any 
case, the principle is of importance in comection with the illumination 
of mirrors (see Sec. 48). 


38, Beam Swinging with Linear Broadside array 


Instead of feeding 
the elements in phase as in 
Sec. 30 one may introduce a 
progressive phase difference 
in the radiating current 
elements. This may be done 
to any desired amount by 
having adjustable line- 
lengtheners in the feeder 
leads.- Consider a set of 
radiators in a line, spaced 

A/2 apart as in Sec. 30. Fig.803.* Swinging of beam by progres- 
Suppose that each radiating sive phase lag. 
element has the same : 
amplitude but that the phase 
of each element lags 90° on the element on its inmediate left-hand (Fig.803) 
Take rays going out from each element at an angle of 30° with the normal 
to the line of radiators. The ray from A in Fig.&03 has a spatial lag 
of amount AC on the rey from B. Since AB = A/2 and CAB is a 30° right- 
angled triangle with sides in the ratio 1:23/3, the spatiel lag AC is 
A/ty ieee 90° of phase lag. However, A is being driven 90° of phase in 
advance of B, so that on the whole these rays from A and B arrive in phase 
at a @istant point. The main beam of the array is thus directed at an 
angle of 30° to the normal, due to this method of feeding with a progress— 
ive phase advance of 90°. In the case of a progressive phase difference 
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bf Y degrees between neighbouring elements the angle @ which the beam 
makes with the normal, is given by :- 
sin @ = ¥/180 @eeeceeeeeeoeaeonansneseaneseseages (70) 


This applies when the centres of the elements are spaced A /2 apart. 
When the spacing is not A/2, but, say, A/c, then @ is given by 


ee! 
sin @ = 360 POCTHHSHHHOHEO RHO eSEs OBESE RHEOEOHE OE SE HE (71) 


The complete field-strength diagram is given in Pig. 804 for the case u? 
six aerials, 


39» End-Fire Arrays 


































































If the rt | 2 
phasing of the Bray to 
elements of a hacks fot Le? a 
linear array is © oa 
arranged so as to ' — 2 | 
swing the beam a H it | 
round through a 5 
from the normal, 

End-Fire Array i i 
obtained. For this 

to oceur, with 4/2 

spacing, the phase “2 








difference between 
the currents in 
successive elements 








oO 
must be a t ae Pig.804,- Beaming factor for six aeriala 
ae Xy spaced A/2 apart and fed with a pro- 
phase erence gressive phase change of 90°, 


between driven 

elements must be 

equal to the phase 

corresponding to the spacing, so that the rays going out from the elenents 
in a direction along the line of the array are in phase; (Fig. 805) 


The optimum spacing of the elements is probably something less 
than gd; and the corresponding gain relative to a single element is 


about three times the length of the array expressed in wavelengths. If 
the elements are half-wave aerials, each of gain 15, the overall gain g 
relative to an isotropic radiator is © 


RAYS ADD 

TOGETHER LINE OF 

IN PHASE ARRAY 
° ° ¢ 


— Na 


PHASE oF CURRENT? O° a “Bx 360° “Bag? ~4an6 


Pig.805.- End-fire array, Pig.806.- Beaming of end-fire ae 
ay with ten elements spaced A/4 
apart, 
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g = 4°5 (Length of End-Fire Array in Wavelengths) ...+0. (72) 


A typical field-strength diagrem is shown in Fig.806~. The side lobe is 
about 21% of the main beam. A rough rule for the beam width at half 
amplitude is 


Beam Width in degrees = erent ich scuwonveeceateeant C78) 


The beaming takes place in both E- and H-planes, in contra-distinction to 
the linear broadside array. 


40. Comparison of End-Fire and Broadside Arrays 


The most notable feature of the end-fire array is the blunt end 
of the field-strength diagram (Fig.806 ) compared with that for a broadside. 
Consider a linear array with elements fed in phase. Rays normal to the 
array are in phase. Assman as one takes a direction slightly inclined 
to the normal, appreciable phase differences arise (Fig. 807), and the 
resultant field strength is diminished from the velue in the normal 
direction, Now consider an end-fire array. The reys ere in phase along 
the array. If dne considers rays inclined at a slight angle to the line 
of the array (Fig.808) hardly any change in the phase difference is 


\ 
: PHASE DIFFERENCE BETWEEN 


\ 
\ 
PHASE DIFFERENCE RAYS 
& LAST RAYS ees 
| PHASE CHANGE BETWEEN ~~) 
! 
/ 


5 
{NORMAL TO ARRAY FIRST & LAST RAYS 
1 


Pig.80].- Phase difference introduced Pig.808,- Phase change introduced 

by slight deviation from normal, by slight deviation from line of 
array (phase change between succ- 
essive rays is too small to show 
in this diagram), 


introduced. The deviation from the line of the array must be quite large 
before these phase differences become appreciable. Hence the end-fire 
erray produces a field-strength diagram with a blunt end, The lobe can 
be sharpened by making the phase of the currents in successive elements 
differ by an saount greater than the physical spacing of the elements, 
fhen in the direction of the line of the array rays are already out of 
phase, and for the same deviation as before a greater phase change is 
obtained, The main beam is thus sharper, but since the maximum is not 
now formed by adding rays in phase, the ratio of side to main lobes is 
increased compared with what one would obtain from an end-fire array fed 
in the ususel way. 


4l. Parasitic Director 
One of the troubles of an end-fire 


array lies in arranging the feed of the es 
elenents in correct phase. This can be Fig,809, - Driver 
overcome to some extent by using parasitic and parasite, 


ty tp 


radiators in line with a single active aerial. 
Consider, for example, one 4/2 aerial 
connected to a trananitter and a second 
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aerial, about A/2 long and short-circuited at its centre, placed A/) away, 
as in Fig. 809. This second aerial s excited by the fields associated 
with the first, and is called a Parasjte, the other being termed tthe 
Driver, Suppose the current in the rea is i The field radiated 
from the driver is lagging 90° on i, (see Sec. ate In travelling out 
from the driver to the parasite the electric field suffers a further 
phase lag of 90° due to covering the distance A/k. Hence the electric 
field at the parasite, or the EMF v induced in the parasite, is 180° out 
of phase with the driver current ip. The parasite is regarded as a 
receiving aerial picking up from the driver. Owing to the fact that no 
load is attached to the parasite (its terminals being short circuited), 
all the power picked uw is re-radiated. If the current at the centr- of 
the parasite is ip and the radiation impedance 2p, then using (29) in 


Sec. 14 with zp = 0, we find 


p= 
*P ¥ rss: ‘o 
If the length of the parasite is about ; 
0-48 >% , its radiation resistance will c 
be about 73 ohnus and there will be no 
reactance in 5° If, however, its Fig.810.< Phases of surrenta 
, Length is less than 0°48 there will in driver and parasite and 


ELM.P, in parasite when ac~ 


be a capactive term in s,; (Fig. 810). Cine Ga aieectee 


Thus by shortening the parasite, ip 
may be made to lead on vw. If the 
length is suitably chosen a phase lead 
of 45° may be obtained. ‘The current 
in the parasite then lags on the current in the driver by 135° as shom 
in Fig. 810. This is seen to be an end-fire type of arrangement as 
discussed in Sec, 40. The phase of the current lags by more than the 
amount corresponding to the physical spacing of the elements. The fisld- 
strength diagram may be derived from 
first principles by considering the 
addition of wavelets frou the driver 
end parasite; (Fige@l1). Ata 
distant point along the line AB of 
the elements, the driver field leads 
the parasite field by 45° due to the 
driver's spatial lag of om CA /r) 
and current lead of 135°. However, 
as one moves round fron the line AB’ 
the spatial lag becomes less, and 
thus the field at a distant point 
from the driver leads more and more 
on the field from “fiela gete i 80 
that the resultant field gets less Fig.8it,- 

and less. At an angle of 120° from nee Te ai 
AB, the driver and parasite fields 

ere anti-phase and the field is a 

minimum. The field-strength 

diagram in the Heplane is of the 

form shown in Fig. 812(polar plot) 

with a main lobe in the line of the 

elements end a small back lobe. There is a minimun at 120° but it is not 
usually a zero in practice since the current in the parasite is less than 
the current in the driver and the two fields do not cancel. 





A parasite used in this way, cut shorter than resonant length, 
is called a director, since it helps to direct the radiation in the 
direction from driver to parasite. 
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The length of the 
parasite required to provide 
a 45° phase difference between 
EMF and current in the 
parasite may be obtained from. 
the theory of resonance applied 
to the aerial as a tuned 
circuit. 


From the results 
given in Chap. 1 Sec. 19 , 






ten J = 295 


DRIVER TO 
DIRECTOR 


where @ is the phase differ- 
ence and 5 the fractional 
detuning; it follows that 
for J to be 45°, 294 must be 
wnity. For a typical “half- 
wave" serial of resonant 
length 0°48 & the ratio of 
dismeter to wavelength is of 
the order of 1/1000, so the Fig,812,- Pield-strength diagram of 
Q of the resonant circuit is driver and direotor, 
approximately 7 (see Sec, 12). 

The fractional detuning § must 

therefore be equal to 1/h so 

that the change in length ia 


OuBA . Or055A.- 
Lh 


As mentioned in Sec. 12 the length must be shorter than that 
required for resonance if the impedance “< +- be capacitive. Henoe the 


required length is 
O48 A ~ 0035 
= OSA 

The current ip then leads the EMF by 15°. 


Although a spacing of \/, was used ‘in the argument above, other 
spacings may be employed, Depending on the length of parasite and. the 
spacing, a variety of field~strength diagrams may ke obtained. 

Normally.» 2t is as well to have the parasite fairly near to the driver 
in order to obtain a large current in it. 


42. End-Fire Array with Parasitic Directors (Yagi) 


By using a driver and 
seweral parasites of the ee 


described in Sec. 4] an end: 

array may be constructed; pe 813). 
Generally speaking, the phase lag 
of the current in any element 
relative to that in its left hand 


neighbour is greater than the phase 

" @ifference corresponding to the 

element spacing in wavelengths. F 13,¢ ¥ 2 
Hence this is not, strictly speak- Aer 819: = Tage aerials 
ing, a simple end-fire array but 

is of the type deseribed in Sec.40. 
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The side lobes are large and the main beam fairly sharp. 


: ‘This type of array is called a Yagi Aerial. The gain g of a 
Yagi is probably not much different from that of a simple end-fire array, 
the sharpening of the beem being compensated for by the unwanted power in 
the side lobes. Thus using equation (62), we have, approximately, 


& = 4 (Length of Yagi in Wavelengths) ..ceccssccceee (74) 


Higher gains then this are occasionally obtained by carefully varying the 
spacing and length of the directors, particularly with short Yagi oerials. 
When the Yagi is adjusted for maximum gain, the side lobes are about 30% 
of the amplitude of the main beam and the beam width at half maximm 


emplitude is roughly given by 


beam width in degrees = 130 eese (75) 
Length of Yagi in Wavelengths 


It is emphasised that the Yagi beams in both E- and H~planes and is 
comparable in this effect with either a complete broadside or a linear 
end-fire array. 


The spacing between directors is not oritical and for a given 
spacing the director length is adjusted by trial and error to give the 
best result. The parasites may all be supported at their centres by an 
earthed metal rod (Fig. 813) since the voltage at the centre of a 


parasite is sero. 
43¢ Parasitic Reflector 





In Sec. 41 the effect of cutting the parasite less than resonant 
length was discussed. It led to the result that the perasite current 
was lagging on the driver current. By a similar argument it can be 
shown that the current in a parasite in thé same position as before but 
slightly longer then resonant length is leading on the driver current, and 
the maximum of the field-strength diagram is in the direction from 
parasite to driver, The long parasite thus appears to reflect the wave 
back in the direction of the driver and is called a parasitic reflector. 
It is also called a tuned reflector since it mugt be cut to a special 
length in order to work properly. 


Parasitic reflectors are scanetimes used in place of metal or 
netting screens behind broadside arrays; each element of the broadside 
has a parasitic or tuned reflector behind it. In contra-distinction 
to the tuned reflector a netting screen is called an aperiodic reflector. 


Very often a Yagi aerial has, in addition to several directors, 
a reflector behind the driver. This reflector may be either a tuned 
parasitic reflector or a netting screen. 


hhe Use of Folded Half-—Wave Aerial 


Due to the proximity of the parasites the input impedance at 
the oentre of the driver of a Yagi is usually low, sometimes as small as 
20 ohms. ‘Tranmnission lines seldom have a cheracteristic impedance much 
less than 80 ohms so that « quarter-wave matching transformer or other 
matching device is required between driver and feeder. The use of a 
folded dipole enables the transformer to be dispensed with. 


Take a centre-fed half-wave aerial with current i at its feed 
point. Extend the left arm a further half wavelength as show in Fig.S]4 
By analogy with trangnission lines there is a current <i at the centre of 
the added piece and the voltages are as shown, Bend the added piece round 
so as to be very near the original aerial, We now have two components, each - 
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Sinoe the folded part is very near the - wt yg — ee — Hy 
driving part, the power radiated is = st ++ Ly = 
practically the same as that for a half- eS pe ee 
wave acrisl carrying current 2i. Let @) BEFORE FoLoiNc 


RB, be the radiation resistance measured 
at the input to the folded aerial, The : 


radiation resistance of a half-wave = = 
aerial is 73 ohms. Thus,equating * FY 
powers,we have i:~ (Barrer Foupinc 
2 2 

2u)5 7 i ‘ 

(21)* 75 = 2 Ae Fig.614,~ Folded dipole, 

ine Ry = 473 

= 292 ohms 


In general the input impedance is quadrupled and thus a low input 
impedance is brought up to a suitable value for direct matching to a 
transmission line. 


45 Bandwidth of Arrays 


In Sec. 40 a discussion was given of the Q-Factor of a single 
half-wave aerial. The caloulation of the Q-factor or band-width of a 
large array is an extremely difficult task. The aerials in an array are 
inter-coupled both by their fields and by the connecting feeder rms. 
Generally speaking, therefore, an array can seldom be used on any except 
a narrow frequency bend. ‘The following example gives an idea of the 
orders of magnitude; A six-element array, in use, working on 30 Mo/s. 
oan operate at frequencies within about 500 ke/s. on either side of the 
design frequency, Beyond this the operational efficiency is very notice- 
ably reduced, 4t high powers the maximum deviation is as low as 200 ko/s. 
owing to sparking and brushing which arise on the feeders when the 

frequency is changed. The elements of this array are constructed of 
thin wire (A/diameter % 1500). To improve the performance thioker 
tubing might be used, or e really thick aerial could be simulated by 
wire cage type of construction. The sparking difficulty .couwld be 
eliminated only by widening the feeder spacing, 


46. Effect of Ground on Aerial Arrays 
In Sec. 2). it was shown that a single aerial placed h above 


groud oould be replaced by two aerials separated by 2h energised anti- 
phase in free space, and the resultant interference pattern obtained. 


Consider now an array of horizontal 


aerials seen end-on in Pig.815 . Each aerial , 
Ay > hos - ecccesoee On be associated with its es 
. 5 eecccceee and the image of the One 
array a thus formea, as show, to take account on 
of the presence of the earth. AIR 
x 7 EARTH OR 

In the general case illustrated in ex, 5A 
Pig. 815 the free-space field-strength ‘diagram oe 
of the aerial system is not isotropic and the @A,4 


method of replacing each system and its image 

by an isotropic radia. as explained previously : 

cannot be used, Usually, however, any aerial Pig.815.- Image of array 
systems in which ground reflections are import- with horizontal pola- 
ant are set up so that the field-strength risation, 

diagrem of the array (neglecting the effect of 

ground) is symmetrical above and below the 

horizontal (e.g. a broadside array when used 
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in ground. radar systems). In this case the field strength is the same 

for both direct and reflected rays at all angles of incidence and for the 
purpose of finding the effect of the ground the system and its image may 

be replaced by isotropic sources at their phase centres. The free space 
fieldestrength diagram of the system can be introduced later as a correction 
factor. The table in Sec. 26 applies to any'array under this condition 

of symmetry about a horizontal plane. 


47. Gap-Filling by Means of Phasing 


Suppose an atrial system is split 
into upper and lower halves which are | 
normally fed in phase. In order to fill 

the gaps in the vertical field-strength ls 
diagrem, a switching arrangement is 

introduced in the feeders whereby the 

halves may be fed antiphase. Consider 

the aerial system AD, Fig.816 , made of TM ERSGRBTM. 
twoidentical sub-systems AB and GD. The 

either of the sub-systems is a graph which split in halves, 

might, for example, be one of the graphs 

of Figs.782, 783,784 or 789. Let P, 

be the corresponding beaming factor. Suppose the subesystems to be fed 
in phase and imagine them replaced by isotropic radiators at the phase 
centres 01; One For the sake of argument suppose the. distance between 
O, and O,tis “2A. The field-strength diagram of the pair of isotropic 


radiators is shown in polar co-ordinates in Fig.817 . Let Py be the 
corresponding besming factor. The beaming factor of the aerial systen 

AD is the product P, Po. There is a main beam in a direction parallel 

to the earth's surfkce’and the whole diagrem is evmmetrioal above ana 

below the horizontal. Reflections take place from the earth and interference 
lobes arise in the way explained in sections 2} to 26 and 46. 


Pad 
~ 


-- 


4 +) ea 
HORIZONTAL 





Pig.81],.- Pield-strength dia~ Fig.818,- Field-strength dia- 
gram of 0, and 0, when fed in gram of 04 and 0, when fed in 
phase, anti phase, 


Next consider the sub-systems AB, CD to be fed antiphase. 
Replace each sub-system as before by an isotropic radiator, the two 
radiators this time being fed anti-phase. The resultant beaming factor 
is P'5, giving the field-strength diagram shown in Fig.818 . The 
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beaming factor for the canplete system AD ignoring the effect of ground 
is the product PF Po* - Whatever the nature of P, there will be no 


radiation in the horiaatiel direction since Po' in this direction is zero. 
In fact the zeros of Po' corresponi to the maxima of P, and vice versa; 
also the sig seaierar: lobes above and below the horizontal are of 
opposite phase for P,' and in phas: for P,. Hence where these interfere 
after reflection gee the ground to cause zeros in one case they are 
additive in the other. 


Thus irrespective of the nature of PR the change in the method 
of feeding the two halves of the system from in-phase to anti-phase causes 
the gaps due to ground reflection to appear where lobes appeared before 
and vice versa. At the same time she main line of shoot is tilted up at 
an angle Xo depending on the separation of the centres of the upper and 
lower halves of the aerial, For as tion A,X se 350°; tor 2h 


X, Suds for3syh ,X, 9% 4A Xe =: 74° and £0 an. 
MICROWAVE AERTALS 


48. Paraboloidal Mirrors 


It has been emphasised in Sec. 34 
that in order to attain a narrow beam end 
high gain, the radiating sources mist be 
spread over as large an area A as possible, 
In microwave work for wavelengths of 50 ans 
or less, the paraboloidal mirror (Pig.819 ) 
enables the effect of distributing the 
sources to be attained without the use of 
more than one radiator. The mirror is made 
of metal such as aluminiun alloy or copper; 
sometimes wire netting is employed. A 
section of the mirror is shown in Fig.820 
The action of the mirror is similer to that 
which occurs in ordinary optics in the 
case of reflecting paraboloids. 


The important point relating to a parabola is its focus F. If 
rays of electromagnetic radiation strike the mirror, all being parallel to 
the axis FO, the rays conwerge at F. A focal plane MPN through F and 
perpendicular to OF usually coincides with the aperture of the mirror. 
Suppose now that a radiating element is placed with its phase centre at. 
F. Draw rays going out from F ani being 
reflected at the surface of the mirror. 
After reflection the raya are all parallel 
to the axis OF. Further, if we consider 
the focal plane MEN, then all rays start-— 
ing out from F reach this plane in the 
same time; i.¢., in Pig.820 all the paths 
FAB, FHG, FKL are the same length. Thus, 
F being the phase centre of the raiiator, 
the rays crossing the plane MFN are ali in 
phase so that MFN is an equiphase surface. 
We can regard this equiphase surface as 
constituting a radiating area A filled with 
radiating sources, and the field-strength 
diagram, ¢tce, can be determined from a 
knowledge of these sources just as in the 
case of a broadside array. 


Fig, 819,- 
Parabolic mirro 





Ss <u 


Fig. 820,- Secti: 
of paraboloid, 





The strengths of these effective 
sources distributed across the circular . 
aperture MFN depend on the field-strength 
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diagram of the primary source at *. If the primary source produces a 
waiform distribution of field strength across the aperture then the results 
are comparable with what one obtains in the theory of broadside arrays. 
(58) is a main lobe with side loves and the gain g is civen by formula 

5 


g= 4, TE A See oe CHSC TSOH OTL ES OOH SEOOCOZRTE ROS (76) 
aA2 


The beam width at half amplitude is approximately 
80 A/a degrees COCHR SSO TCEHE HE EOHORSOTETEOES (77) 


where d is the diameter of the mirror in the aperture plane (cf. formula 57). 
The first side lobes on either side of the main beam are 13% of the 
maximum amplitude (compare Secs. 30 and_31 which give 21% side lobe). 


Thus with the circular aperture, the beam is wider and the side 
lobes less than from an equal rectangular aperture, but the gain is the 
seme. 


A uniform distribution across the aperture is never obtained in 
practice due to the peculiar field~strength distribution which would be 
required from the primary source at the focus. For example, referring 
to Fig.820, rays FA, FC have been dram enclosing an angle of 5° and 
resulting in the illumination of a region BD in the aperture plane. 
Another pair of rays FA and FK enclosing an angle of 5° illuminate a 
region GL in the aperture plane. It is clear from the figure that Lé is 
about 14 times BD. ‘Thus, if the aperture is to be equally illuminated, 
less power must be sent out from the primary source at F in the direction 
Fa (or FC) than in the direction FH (or FK). Indeed the primary source 
must have a distribution such that the field strength (at a given distance) 
in the direction towards the edge of the mirror is twice that (at the 
same distance) in the direction of the centre of the mirror. The power 
density at the edge must be four times that at the centre. 


Most primary sources give less field strength towards the edge 
of the aperture plane than at the centre, The feed is thus tending to be 
tapered (of. Sec. 37) and this results in a reduction of side lobes and 
broadening of the main beam in the field-strength diagram from the mirror. 
For a paraboloidal mirror (circular aperture) of diameter d the following 
data have been worked out assuming the distfibution of the field strength 
over the aperture to be part of a Gaussian curve (see Sec. 37): 


Auplitude of field Bean Width Beam Width Power Amplitude 
at edge of Aperture right across right Gein of First 
divided by Amplitude between first acroge at g Side Lobe 
at centre of Aperture Zeros half max. expressed 
(degrees) amplitude as percent- 
(degrees) age of main 
bean 
1°00 (uniform uo Aa 80 AYa 1*00( N48)? ag 
distrivytion) * 
a 
0°37 162 Aa 89 A/a ors2(T-)? 805g 
é ' a 
0°13 202 A/a 100 A/a O 765)? 25% 


These figures show well the broadening of beam, diminution in gain end 
reduction in side lobes associated with concentration of the distribution 
towards the centre of the aperture plane. 
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49. Primary Feeds for Paraboloidal Mirrors 


(4) Rear Feed with Half-Wave Acrials 


This is illustrated 
in Fig. 821. A 
coaxial feeder passes 
through the centre of 
the mirror and ends 
in a half-wave aerial 


with parasitic 
reflector. The field~ ee 
strength diagram of COMMA 


and E-~planes, In the 
E~plane more energy 
is concentrated towards 


from the mirror is Fig.82t,- Half-wave aerial 
broader in this then with reflector for feeding 
in the 'H-plane. Unless parabolic mirror, : 
a belance-to-unbalance 


outside of the coaxial 

due to one leg of the acrial being attached to this 
outer conductor. A quarter-wave oan (skirt or bascoka) 
or other device is therefore attached which inserts an ~ 
infinite impedance between the end of the coaxial outer 
conductor and the end of the can. This decouples the 
rest of the outer conductor from the feed point to the 
aerial (see Chap. 4 Sec. 38). Instead of a parasitic 
reflector, a mall metal sheet reflector is sonctimes 
used, 


(44) Reex Feed with Waveguide and Half-Wave Acrials 


This is illustrated 

in Pig.822. The 

legs of the aerial 

are fixed on either 

side of ametal 

tongue projecting into 

the guide so that the 

electric field in the rane 
guide (Hp, ~ mode) 

splits inte two parts t. 
and excites the legs as DIMENSION ¢ 
it emerges from the guide. ee 


(444) Rear Feed with Waveguide and Slots 


The guide terminates in 

a amall cavity in which 

are two slots (Fig. 823 ). Pig.822,- Rear feed with 
These slots act as the Waveguide and half-wave 


radiating elements of the asrials, 
primary 
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RECTANGULAR 
WAVEGUIDE SLOT 
SMALL 
t —= CAVITY 
“_— 
OIMENSION™ = { 


WAVEGUIDE 


Pig.823.- Hear feed with waveguide 
and slots {long dimension of slota 
is perpendicular to the plane of 


the paper), Pig.824,- Pront feed with wa- 


veguide, 


(iv) Front Feed with Waveguide (Fig.824 ) 


The guide is brought round the edge of the mirror and the 
open end of the guide acts as the primary source. 

Little can be said about the fieldestrength distribution 
from the primary source at the open end of a guide, 

In general, the field-strength diagram is wide in a 
plane parallel to the narrow dimension of the guide and 
narrow in a plane parallel to the wide dimension. 


In all the above types of primary feed, the phase centre is 
wncertain and must be determined by. the designer in order that it may be 
placed at the focus of the mirror. The gains achieved in practice with 
these feeds are usually about 50% of the gain obtained with a uniform 
aperture distribution. 


50. Bean Swinging with Paraboloidal Mirrors 


The direction of the beam from a mirror can, of course, be 
altered by changing the direction of the exis of the mirror. This is 
not always feasible, however, and the alternative method of altering the 
oe distribution over the aperture is often used. If the aerial or 

other primary source is supported at the foous by means of an arm PF 
(Pig. 825)», end the arm is pivoted domwards through an angle @ to the 
position PF’, the effect is to advance the phase of the radiation over 
the lower part of the aperture and to retard that over the upper part, 
so that the beam is tilted upwards by an angle @. For mall angles cf 
tilt the relation between © and @ is 
approximately 


Gz 0°70 ePeereesrevesesers (78) 


It is not desirable to tilt the beam 
by an angle greater than about + 5° 
by this method, since the first side 
lobe then becomes too large. 


F ie. 825. - Beam 
swinging. 


51. 8 Shaped Mirrors 
For some applications a 
narrow circular beam or pencil is 


not required but rather a beam which 
is narrow in the horizontal plane and 
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specially fanned out in the vertical plane. Thus, suppose a radar set in 
an aircraft flying at height H is required to give equal illuminations on 
ships at different Renges; (Pige826 ). Now, due to the spreading out 
of the,spherical wavefront from the tranmmitter the power density falls off 
as 1/R° (see Sec.2). In order to compensate for this factor, therefore, 
one must arrange for the field 

distribution to be beamed more 

strongly in the direction of 

distant ships. From Fig.826 2 

we have in triangle ABC 


HR = sin® 
or R «= H/sin @ x 





= H cosec © scccccccece (79) Fig.826,- ae * ships by 


Thus, if the power varies as cosec0, the factor 1/R* will just be compen- 
sated end uniform illumination will be cbtained, Power being proportional 
to the square of the field strength, the field-strength diagram of the 
aerial in the vertical plane must be of the form of cosec 86. To obtain a 
cosec @ diagram the mirror must be suitably shaped. It appears that this 
shaping can be derived approximately from geometrical optics, i.e. assuming 
that the angle of incidences of each ray on the mirror is equal to the angle 
of reflection, From this it may be deduced that the mirror should take the 
form illustrated in Fig, 827. 


Another methed of shaping the radiation pattern in the required 
manner is to split the mirror in halves and move the upper section a 
little in frent of the lower. The focus is not quite the same for each 
half but the difference may be neglected and a “mean focus" FP assumed; 
(Fig. 828). Consider two rays FAB and FOD, making equal angles with the 





Fig.827.- Shaped mtrror for Fig.828.- Split mir- Fig.629, -,Extra pla- 
for eosec, 9 beam, ror for cosec, © te for cosec, 9 beam, 
beam, 


axis. The ray FAB arrives at B in the aperture plane before FCD arrives 
at D. Now the aperture plane is considered as being the seat of a number 
of radiating sources, The source at B is leading in phase on the source 
at D. Thus these sources reinforce in the direction corresponding to the 
rays BH, DK, making an angle with the axial direction. The path 
difference between the rays BH, DK, is the distance BG, and this path 
difference must be just equal to the path difference between FAB and FQ, 
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This is approximately equal to 2 MN, where MN is the displacement between 
the two halves of the mirror, The downward deflection of the beam is 
more pronounced for pairs of rays near the centre of the mirror than for 
those near the edge. For example, two dotted rays are shown in Fig.82Q. 
In order that their path difference FQ should equal 2 MN it is not neces- 
sary to deflect the outgoing rays very far dowmwards since these rays 
start from a very wide base line. In practice, therefore, only the 
centre portion is important for modifying the distribution in the 
required manner and, instead of the paraboloid being split, an additional 
metal plate XY is provided (Fig.829). This is attached by adjustable 
screws (not shown in the figure) and its distance from the main mirror is 
varied until the required distribution is achieved, 


The gain of a cosec 9 mirror is only of the arder of half that 
of the undistorted mirror giving a pencil beam. Such a mirror has a 
field-strength diagram with no zeros. It was originally termed "An 
Ideal Gepless Radar Aerial Array". 


52. Cheese Type of Mirror 


The cosec 0 aerial discussed in the last paragraph is elaborate 
and difficult to designe When it is merely desired to obtain a narrow 
beam in one plane (say the horizontal) and a less strictly specified 
wide beam in the other, the cheese reflector is probably simpler. It is 
illustrated in Pig.830, end consists of a metal, parabolic cylinder with 
flat metal top and bottom plates. The 
aperture plane usually passes through 
the focus. The aim is to fill the 
aperture forming the mouth of the cheese 
with radiation and thus obtain a set 
of sources distributed over this area. 
The aperture then acts like a complete 
broadside array of rectangular shape 
and gives the appropriate field- 
strength diagram, narrow in the plane 
corresponding to the wide dimension 
and widé in the other plene, The . Fig. 830,- Cheese reflector, 
primary feeding arrangements vary ; 
according to the polarisation of the 
wave in the guides. 





When the polarisation is 
such that the electric field (Ho) - 
mode) is parallel to the top and 
bottom (or roof and floor) plates of 
the cheese, a flared rectangular 
waveguide is used. This is 
illustrated in Fig.831. The CROSS SECTION 


flaring takes place gradually in the MIRROR : 
wide dimension of thé guide so that 
‘ the er is still present at an 
the of the flare. The width WIDE __# 
of the mouth is made 2/5 the height DIMENSION WAVEGUIDE 
of the cheese, It is shom in 
Chap. 5 that the distribution of Fig.831.- Plared waveguide feed 
electric field in the Hp “mode across to cheese, 


the wide dimension is sinusoidal in 
amplitude. This is shown in the full 
curve between the points C and D in 
Fige832. The mouth of the guide 

is @ and the aperture of the mirror 
is AB, the distance between the roof 
and floor. The sinusoidal curve 
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between C and D can be resolved approximately into two sinusoidal curves 
fitted into the portion AB, We may regard the cheese mirror as a type 
of waveguide. There are two waves 
present in it, the dotted curve 
representing the amplitude distribut- 
ion for an Hp,-wave and the dot-dash 
curve represeiiting that for ean Ho3- 
wave. The algebraic sum of thes 

two waves gives the original Hy -wave 
emerging from the mouth @ of 

the flared guide, By the knom 
properties of waveguides, these waves 
travel at different speeds. The 
depth of the cheese and its height 
are so adjusted that the two waves, 
after reflection at the curved 





surface of the cheese, arrive back Pig.832.- Distribution of 
in the plane of the opening in field at mouth of flared 
opposite phase. The resultant guide. 


amplitude distribution is therefore 
now given by the difference between 
the dotted and dote-dash curves as 
shown in Fig. 833 (full curve). 

It is noticeable that the field is 
now distributed right across the 
aperture, but there is an undesir- 
able dip in the centre. However, 
it appears that, probably owing to 
the presence of higher modes, the 
dip is much less pronounced in 
practice and a reasonably wiforn 
distribution of amplitude is 
obtained across the opening of the 
cheese mirror in the short 





dimensiones 

ThKe distribution of 
amplitude across the long Pig.833. Distribution of 
dimension depends on the field- field across narrow dimension 
strength diagram of the waveguide of cheese aperture. 


opening in this plane. By an 

argument similar to that in Sec.48 

it can be seen that, for uniform 

distribution across the opening,more power must be sent out from the guide 
in directions towards the edges of the cheese mirror, than towards the 
centre. This is unlikely to be achieved in practice, so that one can 
expect a tendency towards a tapered-distribution of power across the wide 
dimension of the aperture with corresponding diminution in gain, broad- 
ening of the beam and reduction of side lobes in comparison with the 
effects af uniform distribution across the aperture. 


When the polarisation is such that the electric field is 
perpendicular to the upper and lower (or roof and floor) plates of the 
mirror, the method of flaring the waveguide feed does not apply. The 
difficulty now is to obtain a good distribution of power across the long 
dimension of the aperture since the waveguide is wide in this plane and 
directs the beam considerably into the centre of the cheese, Dielectric 
lenses, fastened to the waveguide mouth and designed to diverge the beam, 
have been used successfully, 


53- Band-Width of Mirror-ype Aerials 


In general, the frequency band over which mirrormtype aerials 
Will operate is much wider than that of broadside arrays. Consider first 
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the primary source, and suppose for example that this is the open end of 
a@ waveguide as in Fig.824. In the absence of the mirror, the wave~ 
guide radiation into free space but there is some reflection at the open 
end of the guide. If a narrow slot is cut in the wide side of the guide 
and a probe inserted, a standing wave will be detected. The standing 
wave may be eliminated by the insertion of an iris or other device near 
the mouth of the guide. The standing wave ratio (SWR) is then 1:1. 
This matching by an iris is performed at a single frequency. It is 
found that the frequency can deviate by nearly 10% from this value with- 
out the SWR becoming worse than 1°2:1. Similar results are found with 
other types of feed, 


Now let the mirror be placed in position wibh the primary 
source, matched to free space, at the focus. Some of the power after 
scattering at the mirror comes back and is picked up by the primary feed 
acting as a receiving aerial, A wave thus travels down the guide or 
feeder and a stending wave is created due to the presence of the mirror. 
If the primary source is matched to free space then the SWR when the 
mirror is in position is given by :- 


Ssl+ 8X 
2fn a 





where g is the gain of the primary source and a is the focal length of 
the mirror, The gain of most primary sources is about 6or 7. Asa 
numerical example take the case of a mirror with diameter 70 an. and 
consequently with focal length 70/), or 17-5 om. If the wavelength is 
3 oa, then the SWR produced by the mirror is 


1+ bs 
20% « 1795 


= 12:1, 


Smaller mirrors, with consequently smaller focal-lengths, produce a 
greater effect. The free-space matching is now altered so as to eliminate 
this standing wave. However, it is seen that the effect of the mirror 
is, in general, fairly small and depends linearly on the wavelength with 

a small factor of proportionality, The final result therefore is that a 
deviation of the order of several per cent can be made from the mid~ 
frequency without undue standing waves being created on the feeder or 
waveguide, 


The discussion above has centred round the question of the SWR 
on the tranmission system. [This is the important quantity in assessing 
the effect of the aerial on the trangmitter valve (e.g. magnetron). 
Provided the SWR is not more than about 1°5:1, reasonably efficient 
operation ia to be expected, ; 


The alteration of the SWR due to the introduction of the primary 
feed into the mirror can be eliminated, This is done by placing a small 
raised metal plate at the apex of the mirror of such size and such position 
that the power scattered back to the focus is zero owing to interference 
effects from different parts of the mirror and plate. This gives a 
broader band of operation. Unfortunately this modification increases 
the side lobes and reduces the gain. ; 


Ske Slots in Waveguides 


Consider a rectangular waveguide carrying en H)-wave. 
Electric currents flow on the inside walls of the guide as show in Fig.834 


Essentially there are two directions of current flow, along the centre 
of the wide walls of the guide and transversely across the narrow walls. 
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The longitudinal currents may be 
regarded as carrying the power 
along the guide and the transverse 
currents as shunt currents which 
help to sustain the wave pattern 
but do not normelly take part in 
the flow of power. If a thin slot 
AB is cut along the centre of the 
wide wall, the effect on the 
currents is negligible and power 
continues to flow. Similarly a 





thin transverse slot CD aoross the 
narrow Wall does not affect the Pig.834.- ee = ree of 
flow. On the other hand a trens- eotangular guide. 


verse cut EF across the wide wall 

interrupts the currents, and 

radiation of power takes place from this slot. One may think of the 
transverse magnetic field in the. wave pattern arriving opposite the slot 
and some of this magnetic field escaping, The magnetic field in the 
radiated wave is parallel to the length of the slot. Because it inter- 
rupts the longitudinal currents in the guide, the slot EF is regarded as 
series connected; (see also Chap. 5 Sec. 40). 


A longitudinal cut GH on the narrow side of the guide inter= 
rupts the shunt currents, It rediates in a mamer similar to EF, being 
excited by the longitudinal magnetic field in the wave pattern. It is 
regarded as shunt-connected. 


If only currents in the direction of propagation are inter- 
rupted then the slot is series connected; if only currents perpendicular 
to the direction of propagation are interrupted then it is shunt connected, 


Slots such as EF and GH would radiate very fiercely, that is 
to say, they are tightly coupled to the guide and have, respectively, a 
high resistance and high conductance. The coupling may be weakened by 
altering either the position or the inclination of the slot. Positions 
1, 2 and 3 in Pig.835 indicate successive loosenings of the coupling 
for a shunt slot. Fig. 836 shows the same thing for alteration in 
inclination, 





Pig.835.- Shunt slot in guide - Fig.836.- Shunt slot in guide - 
different positions. different orientations. 


Quantitative results are available for some shunt slots, Such 
slots are regarded as shunt elements connected across a transmission line 
whose cheracteristic impedance is taken as wmity. The normalised conduct~ 
ance thereby obtained is then a measure of the power radiated. 


In Fig.835 , if x is the displacement from the centre line and 
b is the width of the broad side of the guide, the conductance is proport- 
jionel to sin® (180° x/b). For a 3" guide with slot 2" long and 3/16" 
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wide used for wavelengths of about 10 cm, the factor of proportionality 
is about +, so that the maximm effect, when x = b is thet of an element 


2 
of resistance 2 ohms across a line whose characteristic impedance is 1 ohn. 
Such a slot will radiate 1/3 of the power in a wave travelling in the guide, 
the remaining 2/3 passing-on. In Fig.836, if © is the angle of rotation 
of the slot from the non-radiating position, the conductance is proportio- 
al to sin*®. For a guide $"xl" outside dimensions, of 18 gauge wall, 
with slot 0.0625" wide used for wavelengths of about 3 cm, the factor of 
proportionality is about 3. 


55. Slotted Linear Arrays 


Based on the theory of the last section various kinds of linear 
arrays have been constructed with waveguides, A simple example is show 
in Fig.837 with shunt slots, about a half-wavelength long, spaced half a 
guide-wavelength \g along the waveguide. The end of the waveguide is 
closed with a metal plateAg/l, from the centre of the last alot. 
Successive slots are on opposite sides of the centre line in order to 
campensate for the reversal of phase in the standing wave inside the 
waveguide, In designing this type of array the displacement of slots 
from the centre line is chosen so that on the whole the guide is roughly 
matched, no power being reflected back. Variants of this array have the 
slots on the centre line and screws at the edge of each slot to distort the 
field inside the guide, causing the slot to radiate. Generally speaking, 
screws are troublesome due to their tendency to spark. 





Pig.837.- Slot array with Pig.838.- Arrangements of slots 
transverse polarisation. in waveguides. 


The type of slotted array in most favour at the moment employs 
cuts in the narrow side of the guide (Fig.838 ) inclined so as to give the 
required coupling. These are again shunt slots. At the same time a 
non-resonant design is adopted, The waveguide array as described earlier 
in this paragraph has a metal piston at the end and there is a substantial 
standing wave inside the guide. Such a system is said to be resonant 
and suffers from the defect that when the frequency deviates slightly 
from its correct value, the matching and the radiation pattern deteriorate 
appreciably. For a 50-element array the overall frequency bandwidth is 
1g of the mid-frequency; for 200 elements it is 7%. In the non-resonant 
design an attempt is made to produce a single travelling wave along the 
guide and no reflected wave. This is effected by making the centre-to- 
centre spacing of the slots a little different from 4/2 (e.g. 200° of 
phase instead of 180°), Then waves reflected at the slots do not rein- 
force one another to create a standing wave but rather tend to cancel one 
another out. The coupling of the slots is gradually tightened as the 
Aistance along the guide from the input end is increased in such a manner 
that all the slots radiate the ssme power. The small amount of power 
left in the guide after the last slot is often absorbed in a non-reflecting 


dummy load. 
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The following points are of interest regarding non-resonant 
errays with slots on the narrow side :- 


(i) There is unwanted polarisation in the beam owing to the 
inclinations of the slots. This is said to be small in 
practical installations, 


(ii) The slots have to be out carefully at the correct angle, 
end the fact that the angle is different for every slot 
introduces manufacturing difficulties. The difficulty is 
overcome to some extent by allowing the slots to be arranged 
in a succession of small groups with all the slots in a 
group inclined at the same angle. 


(344) Sinoe the slots are not being driven in phase (not being 
spaced at intervals of %/2) the beam is swung away from 
the normal to the array (see Sec. 38); in fact the beam 
forms part of a cone with the array as axis: this is 
sometimes undesirable and is eliminated adding two 
triangular-shaped metal sheets (Fig. 839 ) which confine 
the waves radiated from the slots for eppropriate distances 
so that they emerge in phase into space. 


56. Slotted Waveguide with Mirror 


The rays emerging from the 
slotted waveguide array form a 
narrow.beam radiating approximately 
at right angles to the array, and 
all the considerations of Sec. 30 
and Pig. 786 apply. In the plane Pig.839.- Addition of tr! oe 


ee cee Then ry aes platea to slotted waveguide array. 


the radiation from the waveguide 
into a mirror (e.g. a parabolic 
cylinder of about the same length as 
the array (Fig.840 ) the original 
beaming is retained and; due to the 
mirror, beaming is also introduced 
in the other plane, 


57. Microwave Beacon Aerials 





As remarked at the end 
of Sec. 30, a beacon aerial is 
usually required to radiate all 
round but with a given vertical 
coverage. An early type of micro- 
wave beacon aerial was the Biconical 
Horn (Fig.84] ) excited by a small 
vertical aerial at its apex. Vertical linear arrays are, however, coming 
into use. For horizontal polarisation groups of three half-wave centre- 
fed serials are placed every half-wavelength up the length of a coaxial 
feeder. Probes protruding through holes inthe outer of the coaxial line 
are used to excite the aerials (Fig.842). The aerials stand off about 
quarter of a wavelength from the coaxial. Provided the point A in Fig.842 
is at a low voltage, the quarter-wave stub BAC tends to make the voltages 
at the points B and C oscillate antiphase. Thus the point C tends to be 
excited by the energy in the probe, The point D is connected to C 
Thus, D and B are excited antiphase, power travels out between BA and DF 
and the left and right hand parts of the aerial are energised, Similer 
considerations apply to the other aerials, The resultant field-strength 
distribution is simost wmiform in a horizontal plane. 
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Fig.840.- Waveguide array feeding 
parabolic cylinder, 
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Pig.842,- Aerial array giving 

Fig.841t,- Biconal horn. horizontally polarised field aiid a 
uniform field strength distribution 
in a horizontal plane, 


58. Effect of Ground on Microwave Aerials 





In Sec. 46 it wes shown that the radiation from an array of 
aerials is affected by proximity to gromd. A mirror which gives 
horizontally polarised waves can be replaced by an equivalent array of 
resonant serials; hence its associated image can be deduced; (Fig. 843). 
In some applications a cheese mirror (not elevatable) is used, which gives 
a field-strength diagram (neglecting the effect of ground) symmetrical 
above and below the horizontal. Let 
the corre beaming factor be 
denoted by B( @ ). Such a system can 
be replaced by isotropic sources at ( 
the aerial and image phase centres, 
and the effect of the ground deduced AIR 
from the interference pattern of the “77-7777 EARTH OR 
two sources. For such a mirror es 
the results of Sec.26 would hold. ( 

If the system is many wavelengths 
above ground there will be a large 
number of maxima and minima in the 


' 
vertical field-strength diagram. Fig.843.- Image of mirror 


aerial with horizontal 
polarisation, 


59. OONCLUSION 





In this chapter there has been an attempt to describe a number 
of types of aerial systems, and in addition to formulate the general 
principles of transmission and reception. Emphasis has been laid on the 
broadside array and its centimetre-wave counterpart, the paraboloidal 
mirror; also on the end-fire aerial, including the Yagi. There are, 
however, other aerials to be found in use with pulse systems and some of 
these are now mentioned briefly ;- 


The V-reflector aerial is one in which one uses a V-shaped 
instead of a parabolic reflector. The area of the aperture of the mouth 
’ of the V and the efficiency with which it is filled with radiation fron 
the primary source are the factors determining the performance, 


The polyrod or dielectric aerial is coming into use. It is an 
end-fire type of aerial formed by a dielectric rod along which power 
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travels, as in a waveguide, but at the same time a fraction of the power 
leaking out into space all along the surface of the rod. 


The slot aerial is sometimes used as a single element. Slots 
in waveguides have already been discussed in Secs. 54 and 55. A single 
A/2 alot appropriately placed in the wall of any kind of cavity will 
act as a radiator, the plane of the magnetic field in the radiated wave 

being parallel to the length of the slot. 


The long-wire travelling-wave eaecrial, sonetimes used on metre 


wavelengths, is already familiar, being described in detail in standard 
works on radio. 
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CHAPTER 18 
RANGE MEASUREMENT 


INTRODUCTION 


1e Timing systems 


The fundamental problem is to measure the time interval between the 
transmission of a radio-frequency pulse and the reception of the required 
echo. At the same time it is desirable to separate the echoes from 
different targets so that the measurement of ranges to them may be made 
independently or even comurrently. This may be done by an operator using a 
display unit, or by an automatic device; in the latter case it is usual for 
the automatic ranging unit to be associated with an auxiliary, display, 
enabling the ‘operator to choose which of several targets shall be followed, 
and to override the automatic unit if it locks on to an unwanted signal, 
such as a jamming signal, fixed echo or friendly “target". 


If R yards is the slant range from the set to the target, and 
o (327.72 million yards per second) is the velocity of propagation of 
electromagnetic waves in air, then the time delay t, microseconds between 
tranamission and reception of the pulse is given by the equation 
t,2 2 
e* = 
ie 3 R a ote 
2 
= 163.86 te 


Since pulses are transmitted at more or less regular intervals, the 
Range R measured by the timing device varies as shown in Fig. 8. 





Pig.8)) ~ Range/time chart. 


Because of the short intervals involved and the necessity for accuracy, 
an @lectronic device must be used. For accuracy of 25 yards it is necessary 
to measure time-intervals correct to one-seventh of a microsecond. 
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The time-standard used is therefore a recurring potential or current 
waveform, produced by an electronic “clock", and will be called a "timebase" 
whether cr not it-is used to produce a trace on a CRT. 


(i) CONTINUOUS TIME STANDARD OUTPUT WAVEFORM 


4) SUBDIVIDING (COUNTING DOWN) WAVEFORM (periveo From (I) ) 


(ii) SERIES OF GROUPED TIMING PULSES (peRIveo FROM (i) ano (ii) ) 


iv) TRANSMITTER PULSES, TRIGGERED BY THE FIRST PULSE OF EACH GROUP 


Fig.845 ~ Continuous timebase pulses 


Two fundamental types of “clock" are used; continuous, (or free- 
running) and discontinuous, (or triggered). In the first case, the timing 
mechanism produces a succession of uniformly spaced impulses, and to make the 
system of measurement recurrent, the firing of the transmitter must be 
synchronized with the "clock", or timebase (Fig.&45)}. With the second type, 
the transmitter is impulsed by a separate device, which also triggers the 
time base; the lattey stops before the next transmitter pulse starts and the 
process is repeated (Fig. 846). 


| eee ee 


(1) wide TIMING PULSES 


ge aa ee oes ee 


(11) NARROW TIMING PULSES (oeAiveD From ()) 


(i) TRANSMITTER PULSES, TRIGGERED sy (ii) 


(iV) DISCONTINUGUS TIME STANDARD , TRIGGERED ay (11), GROUPED BY(1) 


Fig.846 - Discontinuous timebase 
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A further subdivision of timing systems separates them into primary and 
secondary standards. A primary time-standard does not vary with use or age 
beyond the limits necessary to provide the accuracy required of the equipment. 
A secondary time-standard is not sufficiently accurate in itself, and requires 
calibration by a primary standard, which may be part of a built-in calibrator, 
or is a piece of external test equipment. 


A orystal calibrator is the primary standard normally used in radar, 
while secondary standards may take the form of high Q oscillatory circuits, 
exponential or linear timebases or multivibrators. 


A primary tine-standard may be discontinuous but is usually continuous, 
in which case it cannot be used to calibrate a discontinuous secondary 
standard; in this event the device which normally controls the trensmitter 
must be disconnected, and for it must be substituted a locking circuit 
tricgered by the primary standard, as shown in Fig. 8&7. 


{UUW 


) CONTINUOUS PRIMARY TIME-STANDARD 


oe, Meese ee. 


ii} COUNTING~DOWN WAVEFORM 


— IL 


(ii) GROUPED PRIMARY TIMING PULSES (ccriveo romill ano (ii)) 


(iv) SYNCHRONIZING PULSES (rinst PULSE OF EACH GROUP SHOWN IN (in)) 


(v) DISCONTINUOUS SECONDARY TIME ~STANDARD {TRIGGERED BY (iv) AFTER CALIBRATION 


Fig. 847 - Synchronized discontinuous timebase 


In all cases the primary standard produces only a series of calibrated 
points on a Range scale. One of two methods may be used to interpolate 
between these points, 


in the first method the received echo is displayed on a ORT using a 
tinebas2: following a known law. The external scale is made to correspond 
to the calibrated points while the intermediate graduations are interpolated. 
For a fixed timebase the scale may be attached permanently to the face of 
the CRT. Alternatively the echo may be aligned with a crosswire, either by 
moving the crosswire to coincide with the echo or vice versa; in either case 
a dial attacnzed to the handwheel producing the movement may be graduated by 
interpolation between the calibrations, The characteristic of the method is 
the dependence for accuracy on the tiuebase confolming to a known law 
between the calibration points. 


The second method consists of moving the calibrated points until one of 


them coincides with the echo. This is done by a delay network or phase~ 
shifting device; the movement of a handwheel produces a time delay or phase 
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shift from 0-360° proportional to rotation and is provided with a linear range 
calibration. This method is the more accurate and is readily adaptable to 
coarse and fine range indicatars, since the same interpolating phase-shift or 
delay is reyuired between any pair of calibrated points. 


The use of a delay network is applicable to both sawtooth and sinusoidal 
timebase circuits. In an elementary form it consists of a decade arrangement 
of low~pass filter sections, successive sections being inserted in cascade 
until the total time delay due to the network is sufficient to bring the 
lecking pulse into coincidence with the echo under investigation. In such a 
form it is inaccurate and suffers from the inevitable “jumpiness" of the 


decade arrangement, 


Other forms of delay circuits, including electrical liquid-column delay 
cells and acoustical delay tanks are usable and have the advantage of 
continuous, instead of step-by-step, adjustment. 


It is also possible to use a variable delay network in place of a phase 
shifting device for interpolation between successive calibration points. « As 
such it is inferior to the circuits described in Sect.3 because it is 
discontinuous, jumping from maximum to zero delay at each calibrated point, 
and because of the difficulty of adjustment. 


The principal timebases used are (i) linear, (ii) exponential and 
(iii) sinusoidal, in-inoreasing order of accuracy. Current timebases may be 
used, but the following laws are given for potential waveforms only; in 
each case Vo is the supply voltage. 


(4) Idnear timebase; Ve = Vo t, , where 
T 


T is an arbitrary constant. 
Timebases which are approximately linear are used for coarse range 
measurement or for interpolation on a large scale timebase. 


(11) an Exponential timebase; YR = % (1- éte/t) 
where T is the time constant 
Exponential timebases formed by C-R rather than L-R circuits may be 
made very accurately, the chief difficulty being the avoidance of 
leakage across the condenser. 


(iii) Sinusoidal timebase; V, = V, sin (Wt, + p) 
where radians is an arbitrary phase angle and f = ois the 


frequency. If f = 16 cob Ke/s, one cycle corresponds to n 
thousand yards of the timebase. “Kt 
‘e 


A damped sine wave may be used with the law V,=Voé . sin 
(Wt. + g » but provided’ K is small and measwrements are made from, or near, 
the zero of this wave form the inaccuracies involved in neglecting the 
variations in amplitude are negligible. 


For accurate range measurement, the marker or crosswire must be 
aligned with a definite portion of the echo. If the leading edge of the echo 
is used, errors due to varying pulse width are eliminated, but only at the 
expense of S/N ratio, since a wider band amplifier is required accurately to 
reproduce the sharpness of the leading edge of the received pulse. The method 
most econanical in this respect is to bisect the echo pulse with the crosswire 
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dividing it into portions of equal area, but although suited to automatic 
range measurement this is not easy by visual methods. A wide marker may be 
used, and the echo maintained in the centre of it. (Fig.648(a)). 


Co) 


(a) (b) 
ECHO CENTRALLY DISPOSED ECHO DIVIDED 
IN NOTCH MARKER BY NARROW MARKER 


Fige848 - Presentation of marker pulses 


Finally, a narrow marker may be kept in such a position that it divides the 

echo into two peaks of equal height; this naturally results in some loss of 
peak amplitude, but permits of considerable distortion of the square pulse- 

shape and corresponding increases of S/N ratio (Fig. 848(b)}). 


The problem of range measurement, signal selection and provision of 
range markers are essentially the same; they all involve the selection of 
a particular portion of the timebase. The first measures the range to this 
point, the second produces a coarse “strobing" pulse and the third an 
accurately positioned marker pip. It will frequently be necessary, to avoid 
redund-ney, to deal with one of these as a particular case, or canbination, 
of the others. 


2. Sawtooth timebases 


The simplest method of range measurement involves synchronising a CRT 
sawtooth timebase with the transmitted pulse and causing the echo to 
deflect the spot at right-angles to the range trace. This is the A-scope 
presentation (Fig.849). The whole timebase sweep is viewed simultaneously, 
and range may be estimated from a range scale 
attached to the face of the tube, as shown. 


The chief disadvantage of this method 
is the inherent inaccuracy due to the 
smallness of the scale. Besides this, many 
of the common CRT distortions are liable to 
produce range errors. Variations in supply 
voltage and in components, and changes in 

[arp arp deflection sensitivity with different 
settings of the control circuits are all 
liable to produce inconsistencies and 
irregularities in range measurement. In 
particular deflector plate current is the 
source of an extremely variable error 
depénding on the setting of the brightness 

Fig.849 - A-scope control. 
presentation 

In place of the external scale a movable marker may be used. The 

forms which this may take are dealt with in Sect.9. The circuit producing 
the marker must be provided with a handwheel or other mechanical control 
which drives an indicator graduated in range. The accuracy of range 
measurement thereby depends on the correspondence between the graduations on 
this scale and the corresponding range at which the marker is produced on the 
timebase (Fig. 850). " 67 
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LOCKING 
PULSE 






LOCKING PULSES 


MARKER MARKER PIP 
INDICATOR CIRCUIT (To CRT) 






DETERMINED BY POSITION OF 


! 
! 
! 
! 
RANGE CONTROL 1 
! 
| 





--p----------- 


RANGE CONTROL MARKER PIPS 


(b) RELATION BETWEEN LOCKING PULSES 
(@) CONTROL CIRCUIT AND MARKER PIPS 


Fig.850 - Use of marker pulses 


The first of two fundamental sawtooth marker-producing circuits is shown 
in Fige851. The movement of the slider is calibrated in range, so that 
Vg = fs, (R). 
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(€) FIRST FUNDAMENTAL SAWTOOTH CIRCUIT FOR 
PRODUCTION OF MARKER PIPS 


ve 
SWEEP 
POTENTIAL 





R 
tm= jes 66 MICROSECONDS, WHERE R IS THE RANGE OF THE MARKER PIP IN YARDS 
Vg = fg (R)» DETERMINED BY TNE POTENTIOMETER LAW 
Ve = fi, (R), DETERMINED BY THE TIMEBASE LAW 


(b) RELATION BETWEEN SAWTOOTH TIMEBASE AND MARKER PIPS 


Fig.851 - Constant pradient timebase marxer 
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oe oo voltage is a function of time and thus of range, so that 
V=f, (R 
t t : 


As the timebase voltage reaches V,, the selector valve is triggered and 
the markers is produced on the timebase. For correct calibration of the 
slider position, f, (R) = f4 (R), and on this correspondence the range 
accuracy depends, 


There is no need to use the same timebase for the marker circuit as for 
the CRT. and the separation of the two circuits allows greater flexibility in 
the design of the marker circuit. 
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(@) SECOND FUNDAMENTAL SAWTOOTH CIRCUIT FOR 
PRODUCTION OF MARKER PIPS 


Vt 
SWEEP 
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GRADIENT DETERMINED 
BY SETTING OF 
RANGE CONTROL 





t+ tm -- > { 
THE TIMEGASE VELOCITY, AND HENCE Lm, ARE DETERMINED BY THE SETTING OF 
THE RANGE CONTRO. 


(b) RELATION BETWEEN SAWTOOTH TIMEBASE 
AND MARKER PIPS 


Fige852 - Variable gradient timebase marker 


Fig. 852 shows the schematic design of the second fundamental marker 
producing circuit. Here V, is constant and the timebase itself is varied 
so that the instant t, at which the timebase potential reaches Vg is 
governed by the velocity control. Since t, = Ry microseconds this 

163.86 
control may be calibrated in R,, the range at which the marker appears. 


Where range output data is to be trananitted automatically, it is most 
desirable to ensure that the calibration of the range indicator is linear, 
so that coarse and fine indicators may be used. Unless the range control 
itself is linear this involves some form of cam between the range control 
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and range indicator; since the latter is not usually practicable, the range 
control is designed so that, whatever the timebase law, equal movements of the 
control generate equal increments of the marker range. 


In the circuit of Fig.851 this may be accomplished by making the time- 
base a linear one; the range potentiometer is then also a linear one, with 
équal resistances for each stop between equally spaced studs, For the 
method of Fige852 a linear velocity control is required, 


For more exact measurement the exponential timebase of Fig.853 may be used. 


Here 
Rn = 163.86 CeRt (log Ro = log Ro) 
referred to as the range equation 


Vg = Vo (4 — Eo tW/OtRty | 


while ™ 
R 
Ve2 Vos ze = Vol - e 


hence, where the marker appears, and 
Ve = Vg » 


E~t/CeRe _ Re 
a 


$ 
° 
iseey tm = O4R_ log (Ro/Ro) 
Since Ry = 163.86 tm, we have 
Fige853 - Exponential timebase Ry = 163086 CyTy (log Ry - log Ro). 


This result, which is independent of the supply voltage Vo, suggests 
four methods of range measurement. 


(i) Varying Ct (linear condenser method). 


This is an example of the "constant potential circuit" of Pig.852. 
Vg is constant and Ry is proportional to Cre 


(44) Varying Rt (linear resistance method). 
This is similar to (4), with Ry proportional to Rt. 


(441) Varying Ro, but not Rp (exponential rheostat method). 


This is an example of the "fixed timebase" method of Fig.851. 
Ry is a logarithmic function of Ro, which thus requires to be 
exponentially calibrated, 





(iv) Varying Ro but not Rp (exponential potentiometer method), This 
is similar to (iii), with Ro exponentially calibrated for range. 


Details of the olrouits using the above methods are given in Seote3. 


Instead of being used to produce a marker, the signal selector circuit 
may shift the timebase relative to the CRI, In this case the echo is 
aligned with a fixed external crosswire, The additional error involved is 
the possible movement of the electrical centre of the CRT and this is usually 
negligible. 


3e Sinusoidal timebases 





Range determination using a sinusoidal timebase consists of the 
measurement of the phase shift between one of the zeros of the sinewave and 
the position of the echo (Mg.854). This phase shift may be measured 
on the CRI or produced by a mechanical movement calibrated in ranges In the 
first case the sinusoidal potential waveform can be used to produce a 
circular trace. When this is properly set up, the angular displacement fran 
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FREQUENCY OF OSCILLATION = PULSE RECURRENCE FREQUENCY 





Fig.85) = Sinusoidal timebase 


the zero position of the radius to the echo determines the phase shift 
directly (Fig.855(a)). The schematic circuit arrangements are shown in 
Fige855(b). The echo is produced as a radial displacement by a special 
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(a) METHOD OF COARSE RANGE (b) FUNDAMENTAL TIMEBASE CIRCUIT 
MEASUREMENT FOR J=TYPE DISPLAY 


Pig.855 - Circular timebase 


centrally disposed deflector electrode either outside or inside the tube. In 
this elementary circuit, the pulse recurrence frequency is also the timebase 
frequency. 


The principle may be extended to the use of a spiral timebase, 
originated by a “damped sinewave" of the form 


VevE “t sin (ot +4), 


such as may be generated by a ringing circuit triggered by the locking pulse. 
The natural frequency f = wt this circuit may be many times greater than 


the recurrence frequency of the transmitted pulse and the scale of the timebase 
correspondingly increased. 

mn 
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Fige856 shows the schematic arrangements of an all-electric and an all- 
magnetic deflection system for producing a timebase in the form of an 
equiangular spiral. Provided the 'x' and 'y' deflection systems are 


EACH TURN OF THE SPIRAL REPRESENTS f YARDS, THE FREQUENCY 
f OF THE RINGING CIRCUIT BEING ADJUSTED SO THAT 


163-86 
f= Sn Men 


(a) METHOD OF RANGE MEASUREMENT 
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(b) CIRCUIT EMPLOYING RINGING CIRCUIT 
AND ELECTRIC DEFLECTION 
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(c) CIRCUIT EMPLOYING RINGING CIRCUIT 
AND MAGNETIC DEFLECTION 


Fig.856 - Spiral timebase 
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perpendicular, and ignoring nonlinearity in the circuit elements and 
deflection sensitivities, the electron beam rotates with uniform angular 
velocity, while the distance from the spot to the soreen centre decreases 
exponentially as shown below, 


Let x om be the xedeflection and 'a' its maximum value; 
Let y om be the y-deflection and 'b' its maximum value; 


let f . @ ve the natural frequency of the ringing circuit; 
Let ¢ be the initial phase, 
@ the angular rotation, 


r the radius and 
k the logarithmic decrement. 


Thenx = r cos@ = ae “kt cost +f) 
y = rsin @ = bé~*t sin(wt +9) 
.. tand= 2 tanWt +?) 


When correct adjustments are made to ensure that a = b, then it follows that 
G6 2Ht+f andr = a€-kt with the result that the trace is an equiangular 
spiral. 

If fs 485-86 Mc/s, one turn of the spiral corresponds to n yards. 


Hence, if the echo appears on the m th turn, at an angular displacement of 8 
radians from the zero position, the range to the echo is 


Be 
mf a7 yards 
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{D) RELATION BETWEEN RANGE ERROR AND 
(8) RELATION BETWEEN RANGE ERROA AND RANGE DUE TO CENTRE MISALIGNMENT 
RANGE FOR INCORRECT RINGING ZIRCUIT 
FREQUENCY 


Fige857 - Inaccuracies in spiral timebases 


The inaccuracies which arise in these circuits are due to the 
following causes.- 


CRT irregularities:- irregular (non-cylindrical) deflection 
sensitivity, due to trapezium distortion, deflector plate 
current, ete; non-perpendicularity of x and y deflecting 
systems. 

Frequency variations:- these introduce an error proportional 
to range (Fig.857(a)). 

Incorrect centring:- if the centre of the scale or cursor is 
not the electrical centre of the CRT. (Fig.857(b)). 
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(b) RANGE ERRORS DUE TO COLLINEARITY OF 
ELECTRIC AND MAGNETIC DEFLECTION AXES 
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(C) APPEARANCE OF RANGE ERRORS DUE TO 
(a) FUNDAMENTAL CIRCUIT COLLINEARITY OF ELECTRIC AND MAGNETIC 
DEFLECTION AXES 


Fige858 ~ Electric-magnetic spiral timebase 
A circuit using combined electric and magnetic deflection is shown on 
Fig.858(a). If the magnetic and electric deflection axes are truly 
collinear, an error arises which destroys the linearity of the range 
calibration (Fig. 858(b)). To correct this the deflector coils are usually 
rotated slightly until the non-linearity is removed. 


v -Ri+L& where & = total resistance . 
at L = total ace of the coils. 


wiza€ ~** cos «t+ J) 


veWLal* sin (sled) - Kae“ cos (wes) 
+ Ra ¢ “Kt cos (wt +9), 


and unless R = KL, i and v are not in quadrature; hence if x is proportional 
to i and y to v, as would happen were the coils and deflector plate axes 
collinear, the spiral would be elliptically distorted. The distortion is 
illustrated in Fig.858(c), where four calibrator pips, at equal time-interval 
spacings, are shown for each turn of the spiral. 


If the deflector coils are rotated through an angled , the x 
deflection is reduced by a factor cos, while to the y deflection is added 
an additional term proportional to i sin xX, 


ise. proportional to € “Kt sind cos (wt +); 


by a suitable choice of the three terms involving cos (wt +9) are 
eliminated. 


‘Another method of eliminating the umwanted in-phase term of v is to 
make R= KL: this is done by using a parallel damping resistor so that the 
parallel and series damping coefficients are equal. 


There are three types of device which are used for the continuous 
mechanical measurement of phase shift, the goniometer, the capacity phase~ 
shifter and the poteniometer phase-shifting network, shown in Fig.859. The 
original sinewave is first delayed by a 90 deg. phase shift; from the 
original and the delayed waveforms, two waveforms are obtained in quadrature 
and of equal amplitude. The correct fractions of these waveforms are added 
or subtracted to produce the desired phase shift. 


If Vy, = a cos wt Vy =a Sinwl; 
Yo = V, cos 8 - V5 sin PB =a cos (Wh+ (>), where 


p is the required phase shift. 
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UNBALANCED OUTPUT 
FROM ROTATING VANE O 





V2-eO 


Wed coset, Vga sinut 
Vga coswt+s), Omp 


Rae = RaceRco=Roa 





(C) 4-FEED POINT POTENTIOMETER 
(2) GONIOMETER PHASE-SHIFTING CIRCUIT 


PHASE SHIFTING CIRCUIT (b) CAPACITOR PHASE= SHIFTING CIRCUIT 


Fig.859 - Phase-shift cirouits 


The goniometer arrangement, when properly adjusted, provides that 9, 
the angular rotation of the rotor, is equal tof » the phase shift, and may 
be calibrated in range from 0 to n yards where 


f= 183.86 Mc/s (Pig. 859(a)). 


The capacity phase shifter is the electric analogue of the magnetic 
circuit of the goniometer and produces the same effect. 


In both these devices, the accuracy of the correspondence between 
rotation and phase shift depends on the tolerances of manufacture. 


For the potentiometer phase-shifting network, the vector diagram of 
Fige860 shows the amplitude and phase of the waveform tapped off by the 
sliders P and Q, relative to the input waveforms V, and Voge 


In order that 8, the phase shift is to 
be the same as the angular rotatim@ , of the 
potentiometer slider, Rpb must be the same 
function of 6 as it is of 8 « Sdnce the 
magnitude of Rpb is proportional to P'B', this 
relation is clearly not linear. Exactly, 


Bob = Eee [* + tan g - B )| 
Provided Rob is made equal to 
THE PRIMED LETTERS INDICATE THE Hep [: + tan g = 8) i; 


POTENTIALS AT THE CORRESPONDING 
POINTS ON FIG 859 (c) 





then @ is an accurate measure of 6 . 


rr is made linear, i.e. 
Fig.860 - Vector diagram Bp ; c. on 
for potentiometer Boy = ie Bap (Z - @) 


phase shifter 
an error range equal to 
n (8 - is introduced, and this error is 
plotted against Gin Mig.861, assuming the use of a large number of studs, 
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In Fig. 862(a) a compromise is shom 
between accepting the errors of the linear 
resistance network and making the 
relatively costly network conform to the 

. exact law. The corresponding vector 
RANGE ERROR = 37 (@— 8) diagram is“shown in Fig. 862(b) and the 
errors in Fig.862(c). As the former shows, 
the amplitude of the output waveform is 
practically independent of Pp . 





In any of these phase-shifting 
circuits, errors will be introduced, if 
the two fundamental waves are not truly 
in quadrature, These errors will be of 
the double-freauency type similar to those 


Fig.861 - Brror/rotation curve illustrated in Figs 858(b). 
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(C) RANGE ERRORS DUE TO THE USE 
AT THE CORRESPONDING POINTS On (Q) OF EQUALLY SPACED STUDS WITH 
EQUAL RESISTANCES IN &-FEED 
NETWORK 


THE PRIMED LETTERS INDICATE THE POTENTIALS 





(b) vaRIATION OF OUTPUT PHASE AND 
(a) ciRcuIT AMPLITUDE WITH SLIDER MOVEMENT 
\ 


Fig.862 = Compromise resistance phase-shift circuit 





The phase shift produced by one of the above methods enables a zero of 
the initiating sinewave to be aligned with the echo, As the waveform passes 
through zero a selector valve is opened and a marker pip produced, as 
described in Sec.6. The alignment of this marker with the echo by the use 
of the phase-shifting control measures the range to the echo. 


This method has little advantage, if any, over the sawtooth method if 
the frequency of the sinewave is the recurrence frequency. A great 
improvement in accuracy results if the frequency is much higher, due to the 
stability of the tuned circuit or crystal. In such a case, since a marker is 
produced every time the waveform rises through zero, one of these must be 
selected by a coarse range-measuring device, such as a sawtooth marker- 
producing circuit. 


Two alternative schematic circuits are shown in Figs. 863 and 864. 
In the second circuit, the initiating sinewave generator, which may be a 
primary time standard, acts as a master timing circuit, controlling both 
the range marker system and the pulse recurrence frequency. These circuits 
are the basis of coarse and fine range measurement. The phase-shifting 
(fine range) and signal selector (coarse range) controls must be ganged so 
that the movement of a single handwheel drives the range indicator and both 
selecting circuits. The coarse control must be sufficiently accurate to 
ensure that the correct fine range marker is always gated. 


Instead of being used to produce a marker, the phase-shifting circuit 
may rotate the tinebase relative to the CRT. In this case the echo is 
aligned with a fixed external crosswire. The additional error involved, as 
in the case of its sawtcoth analogue, is the possible movement of the 
electrical centre of the ORT and thus is usually negligible, 
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Fig.863 = é marker locked from transmitter 
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Fig.864 ~- Range marker locked from sine wave source 


4. Range correotions 


Locking delay. Any delay between the beginning of the transmitted pulse and 
the start of the timebase introduces a range zero error. If the timebase 
begins t, microseconds before the transmitted pulse, radar range is too large 


Receiver delay. The passage of the received pulse through the radio receiver 
to the CRT deflecting system entails receiver delay; if this delay is tr 
microseconds, radar range is too large by 163.86 t, yards. 
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Zero error: bias: datuming 


The existence of receiver and locking delays necessitates the 
application of a correction to the range indicator according to the equation:- 


Indicated range = measured (radar) range - 163.86 (t, + t,) 


The measurement of these delays is not usually practicable except during 
manufacture, so that unless some. alternative method can be incorporated in the 
set of eradicating zero error or bias, great care must be taken in 
construction to ensure that the delays involved and the corrections applied 
are accurate and permanent, not varying with ageing components or changing 
conditions. 


The simplest and most reliable method of eliminating bias is to range 
on a permanent echo which has been independently surveyed. The necessary 
zero correction can then be applied so that the indicated and surveyed range 
are identical. Calibration ensures that range differences are correct, only 
one surveyed point or range datum thus being needed. If no suitable natural 
echo exists, artificial datums may be erected. 


Once a set.has been correctly datumed it may be maintained in true 
adjustment by the use of a false datum or echo box, This is a delayed pulse 
relay triggered by the transmitted or locking pulse, which produces an echo 
on the timebase at a point corresponding fo a known true range. Naturally 
this method relies on the accuracy of the echo box which periodically 
requires to be checked and calibrated, 
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Fig.865 - Displacement correction 


Displacement correction 


If the transmitter and receiver are separated by a distance which is 
not negligible, though much smaller than the range to be measured, the 
uncorrected radar range is the mean of the ranges transmitter-target and 
receiver-target. Referring to fige 865. 


radar range = 14 +p =f, the range of the target from a point 
: 2 


midway between transmitter and receiver. If the separation is d yards, the 
error introduced in taking r as the range from the receiver is 


d 
2 cos E cos (B-B'), (provided d<< r, as stated above) 


where E is the elevation of the target from the receiver, 
B is the bearing of the target from the receiver 
and B' is the bearing of the transmitter from the receiver. 


Thus true range « radar range + 2 cos E cos (B<B'). 
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There is thus introduced an error of magni tude = 5 d yards. ‘To correct 


automatically for this requires a servo calculating etea driven by both 
elevation and bearing indicators, which can be adjusted for the required 
values of B' and d, and which adds the result to a differential in the range 
output system. 


Ballistic correction 





In gunnery, to allow for conditions of the moment, it is sometimes 
necessary deliberately to falsify the range used in setting the cuadrant 
elevations With a single exponential timebase, a percentage correction can 
be applied automatically by adjustment of the timeconstant. This is readily 
done by ranging on a particular echo, or calibrator pip, with the timebase 
correctly calibrated, and noting the true range Re The timeconstant is then 
adjusted until the range to the same echo measures R % the desired percentage 
correction on the range indicator. 


With a sinusoidal timebase, or marker system originated by a sinewave 
generator, the same effect is obtained by making a proportionate adjustment 
to the frequency. This is ‘not possible when the initiating sinewave 
senerator is a fixed frequency primary time-standard, such as a crystal 
calibrator. 


5e Calibration 


In order to treat the problem as generally as possible, two terms will 
be introduced, “true range" and “indicated range". A target at a certain 
slant range will give rise to an echo at a certain point on the timebase; 
this corresponds to the “true range" at the point, Some form of marker is 
aligned with this point, either by direct visual alignment with a fixed scale, 
or by adjusting a handwheel which brings the echo and marker into coincidence 
and also positions the range indicating pointer relative to the range scale. 
In either case the range read from the scale is the “indicated range" at the 
point of the timebase under examination, The object of calibration is to 
make indicated range and true range the same. 


The funiamental method of calibration is to know the surveyed range to 
various targets which cause recognisable fixed echoes. The range scale is 
then drawn so that these points are correctly indicated, and the rest of the 
scale interpolated as well as maybe. Redrawing of the scale is not 
practicable in most cases, so that a fixed scale is used, and the ranging 
system is provided with various adjustments so that this scale can be made 
to indicate the true range at two or more pointse Usually a compromise must 
be reached, with minimum errors allowed over the portion of the range scale 
where accuracy is most important (tactically). 


With the linear timebase system only two adjustments are required; to 
amplitude and set-zero controlse 


With the system of Fig. 853, where Rm = 163.86 Cy Ry (loggé Ry - cee 
the supply voltage has been eliminated from the range equation, and the 
adjustments needed are to the timeconstant and set-zero controls. 


Such a method is usually possible only when the location is fixed and the 
installations more or less permanent. In making radar equipment it is 
preferable to make the calibration system independent of the site; but owing 
to the difficulty of measuring receiver and loading delays Sect.4, it is not 
practicable to make any adjustments for zero error unless an external datum 
is used. Adjustments are made, using a primary time-standard, to ensure that 
no cumulative error arises due to inaccuracies of any secondary standard used, 
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Where a primary standard is an inherent part of the range measuring 
system no such adjustments are necessary. Where the secondary standard is a 
tuned cirouit, calibration consists of making the natural frequency of the 
ringing circuit the same as the frequency of the primary standard. 


Where the secondary standard is a sawtooth waveform of known law, 
calibration consists of ensuring as far as possible that this law corresponds 
to the law of the range indicator calibrations. In the simple system of 
Fig.849, the normal receiver output, containing the echo pulse is removed, 
and is replaced by the output waveform from a crystal calibrator, which for 
simplicity may be assumed to consist of a series of pips at a frequency of 
163.86 ko/s, corresponding to 1000 yard intervals between pips. The timebase 
is looked with the calibrator so that a steady tube picture results. 


Pig.866 shows the correspondence between the range scale, timebase 
sweep voltage and CRT picture with calibration pips. Provided that both 
sweep and scale are exponential, thea sweep must conform to three calibration 
requirements :— 


(4) The time constant must be correct. 
ah The amplitude must be correct. 
(444) There must be no zero error. 


Fig.866 (ii) and (414) show the effects of the time constant and 
amplitude controls. When both of these adjustments have been made correctly, 
as at (iv), the differences between the indicated range to the successive 
pips will be exactly 1000 yards. If one of these scales is not exponential, 
it will be impossible to achieve this correspondence. 


To assess the zero error, the calibrator waveform must be replaced by 
the normal receiver signals and the range measured to a knom echo. The 
difference between this and the surveyed range must then be added to or 
subtracted from all the measurements made on this scale. If this difference 
is applied as a shift voltage (equivalent to moving the scale), the amplitude 
of the timebase waveform will have to be readjusted and the process repeated 
wtil true correspondence is obtained. 


6. Principles of signal selection 


Signal selector cirouits are required to pick out for closer examina- 
tion a portion of a timebase in the neighbourhood of a known range; they 
involve a range-measuring device which decides the moment at which the 
selector valve opens, slightly before the arrival of the point to be 
examined. The range~measuring circuit requires a timebase, which may, but 
need not, be the same as the timebase under examination; it is preferable to 
use 4 separate timebase unless conservation of material is of primary 
importance, since this allows greater flexibliity in design. 


For production of accurately ranged pulses, as markers or for narrow- 
gate seleotor circuits used in bearing and elevation integrating systems, two 
stages are necessary; these usually consist of a coarse, saw-tooth selector 
oircuit ganged to a fine phase-shifting cirouit. 


Te Sawtooth circuit 


The arrangement is show Fig.867. The instant at which Vy starts to 
ooaduct is controlled by the timebase circuit and the ratio Bo/iy. As 
Giscussed in Seot.2 either this ratio or the timebase may be varied to control 
this instant, and any one of the range-measuring methods desoribed therein 


may be used. 
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Fige866 ~ Calibration of exponential timebase 
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Fig.867 ~ Sawtooth signal-selection circuit 





dol 


Chap. 18, Sect, 7 
Exemples of these are shown in Pig. 868, 
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(b) CIRCUIT EMPLOYING POTENTIOMETER 


(a) CIRCUIT EMPLOYING VARIABLE CONDENSER 


Pig.868 - Signal selector circuits affecting timebase 


If it is required to use the same timebase for the CRI as for the 
signal selector, certain sources of inaccuracy must be minimized In the 
circuits of Fig, 868, the timeconstant of the charging circuit changes as 
V, conducts, and so does the effective charging voltage. The net effect on 
+he timebase waveform is shown in Fig, 869, For simplicity it has been 
assumed that when grid current flows Rf >> the input series resistance of V4 
between grid and HI( 4) Vee The effect on the CRT sweep of this distortion is 
similar to that produced by deflector plate current, causing a shrinking at 
the longer ranges. 
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Fige869 = Effect of circuits of figs 868 


If Rg is omitted altogether as in Fig. 868(a), V4 acts as a limiter and 
distorts the timebase waveform as shown in Fig.870; the effect is most 
pronounced if Rp >> the input resistance of Vy. 
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It will be noticed that in the circuit of Fig.871 the amplitude of the 
waveform at the anode of V, depends on the setting of the range control By. 


For this reason Vo must act aS a limiter. 


OF Vv Laer 1 TIMEBASE 
oe . WAVEFORM 
ae 1 wiTH 
= vy Ofc 





Fig,870 = Limiting by ¥ in Fig.871 - Limiting by Vo 


Following the signal selector valve there are normally pulse-shortening 
and shaping circuits, depending on the use intended for the selected pulse. 


8 Sinusoidal circuits 


This is essentially thes same asthe sawtooth circuit except for the 
sinusoidal nature of the timebase waveform It is practicable to use the 
same basic circuit, i.e. Fig. 867 choosing the instant at which the selector 
valve trips by controlling the bias. This is shown in Fig.872 It is clear 
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Fig.872 - Sinusoidal signal-selection waveforms 


that if either the positive-going or the negative-going portion of the output- 
waveform is used any instant of the waveform may be selected, but the 
accuracy of the method is not good, particularly when the sinewave is limited 
near the peaks or troughs, If the timebase is a "damped sinewave" the method 
is impracticable, and the waveform must be limited close to its mean value if 
inaccuracies are to be minimized. The method is most applicable to low 
frequency sinewaves where phase-shifting circuits would require inductive or 
capacitive canponents of prohibitive size. 
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Fig.873 - Sinusoidal signal-selection circuit 


The more common circuit is shown in Fig, 873. The signal selector 
valve is biased so that the sinewave is limited close to its mean value. 
The instant at which the valve opens is controlled by the 0-360 deg, phase=- 
shifting circuit, this is positioned by the range control 


When coarse and fine signal selectors are used, the frequemy f of the 
sinewave is much greater than the recurrance frequency, and if 


fis 163. 86 Mo/s 
n 


the phase-shifting control may be calibrated in "fine range" fran 0 - 1 yards. 
This control is ganged to the “coarse range" control of a saw~tooth signal 
selector and the two output pulse trains are mixed in a gate valve. The 
result is a single pulse for each cycle of the recurrence frequency, of 

width determined by the "narrow gate" shaping circuits, and at the range 
determined by the position of the coarse and fine range controls, 


9. Range markers 


Any signal selector circuit may be utilized for the production of 
range markers, These may be divided into "wide gate" and "narrow gate" 
circuits. Wide gate pulses are usually provided by sawtooth circuits where 
great accuracy is not required. Narrow gate pulses for accurate markers 
require the two stage method of Sect. & 
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Fig.874 = Types of range marker 
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Various forms of markers are shown in Fig, 874. The strobe marker, 
which brightens the selected portion of the trace, is produced by applying 
a positive-going pulse to the ORT grid or negative-going to the cathode. 
The other markers are produced by applying the pulses to the deflecting 
system 


Fig, 874(f) shows a two-stage system where the wide~gate pulse is a 
trace-brightener and is ganged to the phase-shifting control which positions 
the accurate markers, These are applied as deflecting pulses on alternate 
timevase sweeps, the transmitter not being triggered for thes« sweeps; 
this necessarily reduces the maximum value of the recurrence frequency by 
half. It is usual for the radio receiver to be held quiescent by an 
applied bias during the alternate sweeps when marker pulses are being 
displayed; this keeps the marker base free from noise (Pig, 875). The 
corresponiing waveforms are shown in Fig, 876. 
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Fige875 - e marker presentation with receiver suppression 





_ The ‘step or pedestal markers shown in Fig, 874(d) and (e) may be 
combined with an accurate ranging circuit in place of the crosswire. In this 
case the marker is kept in the centre of the tube by a signal selector circuit 
as shown in Fig, 877, This conbines the circuit of Fig, 868(b) with that of 
Pig. 68,. If separate CRT timebase and signal selector timebase circuits are 
used, two separate potentiometers or equivalent controls are necessary, and 
Pee eee be suitably ganged and connected to the range handwheel and range 

CAatore 


In the circuit of Pig, 877, Ry determines the precise point at which 
the marker appears on the timebase, thus acting as a zero-adjuster. 
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Fig.877 =~ Si -selector circuit for centring marker 


(a) FIXED STEP MARKER (b) FIXED PEDESTAL MARKER (c) FIXED NOTCH MARKER 


Fig.878 - Fixed step marker and variants 


The simple step marker with its variants, the fixed pedestal and 
the fixed notch marker are shown in Pig, 878 These are produced in the same 
way ae the simple step, but the step waveform is shortened to the desired 
pedestal or notch width The echo is maintained either at the leading 
edge of the step or in the centre of the pedestal or notch 


Sawtooth timebase circuits for accurate range measurement 


10, General requirements 


For accuracy, a fast or, large scale timebase is essential, displaying 
not more than two or three microseconds to the inch This means that only 
a few thousand yards of the trace can be displayed, on the A-scope principle, 
while accurate measurement is being made. For searching, a lower timebase 
supply voltage may be substituted, shrinking the timebase and permitting a 
much greater range coverage. 





A further requirement is the use of a method of range measurement in 
which CRT irregularities are unimportant, Instead of tha range control 
being used to open a signal selector valve, it may be used to apply a shift 
potential to one deflector plate while the timebase potential is fed to the 
opposite plate, so that the echo appears at the electrical centre of the tube, 
where .it may be aligned with an external crosswire. The use of the same 
supply for the timebase and shift potentiometer enables errors due to 
variations in supply voltage to be avoided 


Because af the high voltages involved the potential of the "potentio- 
meter plate” must be near that of the final anode, so that defocusing is 
avoided. Since measurements are made at the electrical centre of the tube, 
this is the same as the “mean deflector plate potential" for that point of 
the timebase. Errors due to deflector plate current are prevented by making 
the “potentiometer plate" potential somewhat less than that of the final 
anode. Since the latter is normally grounded a satisfactory arrangement is 
to maintain the potentiometer plate slightly below earth potential, ellowing 
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the timebase supply rails to assume vorresponding potentials with respect to 
earth. 


Although the methods are applicable to other forms of timebase, the ex- 
ponential form of the simple C-R circuit timebase conforms to the theoretical 
curve with such acouracy that it is unnecessary to use anything more elaborate. 


11. Linear condenser 


The circuit is shown in Fig.879, The variable condenser is so 
designed that its capacitance is proportional to the angular rotation of its 
moving vanes. These are geared to the range indicator. From the range 
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equation of Sec.2 
Rm = 153086 Ct Rt (log & Ro/Re) 


so that the range scale is linear. 


Since linear condensers are coomonly manufactured commercially, they do 
not require to be made specially unless great accuracy is required at widely 
different ranges. The errors prevalent in ordinary comercial types are 
mainly due to end effects, and the overall effect is shown in Fig.880. Since 
there is a minimum range below which no measurements are made, the residual 
oapacitance when the vanes are fully open, together with unavoidable stray 
capacitance in parallel with Op, is usually unimportant, while great accuracy 
at long ranges is not usually required, However, if it is desirable, the 
errors may be minimized by careful shaping of the condenser vanes, 


The choice of the fixed ratio 7S affects the timebase supply voltage 
required, If a mean timebase scale of tg microseconds per centimetre is 
required, while the mean deflection sensitivity is Vg volts per centimetre, 
ts and Vs correspond as shown in Fige881. It will be shown that for a given 
tg and Veg the minimum value of Vo required occurs when 


nS = & = 2718 








From Fig. 884 
Vs = Wt at P, corresponding to the portion of the 
ts . 
timebase near the crosswire, 
Since Ve = Vo (1-6 */CeRe 
ae Wee ~t/CyRy 
& ~ GR * 
ate/CeRt 
Vv, 
= 28 & wis at the crosswire, 
t CeRe 


where t = to 


But Vs = Vp (4 -2 and at the crosswire, V, = V 
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Fige881 - Range/Deflection sensitivity .curve 


Hence Re = é“te/' CeRy 
R 


o 
Putting 2o = x = € te/OtRt 
Re 
log x = te 
CERt } 

Thus (=) = Yo, log x %& Ys 

ay, ot x ts 
o» 4 = ts. | log x 

V, Veto’ = 


This has a maximum value when its derivative with respect tc x is zero, 
i.e, when log x= 1, or x =, so that the minimum value of . 


Vo is Vste “ and ocours when Bo =f, = 2-718 
ts R2 


Assuming that this value has been chosen for Bo » then Vs = Yo E ; 
Ro tg te 


so that the scale of the timebase is inversely proportional to te, i.e. to 
the range measured, This is usually undesirable, and may be compensated for 
by arranging to provide Vo proportional to range so that the scale is the 
same at all ranges. 


12, Linear resistance (Variation of Ry in Big 879) 


The same considerations apply to this method as have been discussed in 
Seo.i1. The variable condenser method is usually to be preferred since 
condensers my be made smoothly variable, while resistances of sufficient 
accuracy may be varied only in steps. 


13. Exponential rheostat method (variation of R1) 


The circuit is shown in Fig.882. Ry, is an exponential function of 
range, and calibration is the principal difficulty. If an exponential 
soale on the range indicator is undesirable, there are two altemative 
methods using equally spaced studs; either the successive values of Ry may 
be made exponential, the values of the resistances themselves forming a. 
geometrical progression, or, if the resistance steps are equal, a cam may be 
used so that exponential movements of Ry give rise to linear movements of 
the range indicator. 
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The same considerations apply to this network, shown in Fig.s883 as were 
discussed in Secte13. The fact that it involves a constant load on the time- 
base power supply, as distinct from the variable drain caused by the rheostat 
method, makes this circuit somewhat preferable. 


15. "Decade" potentiometer-rheostat method 


It follows from the range equation of Sect.2 that variations in R due to 
8 in R. and those due to changes in Ry are entirely independent. More 
explicitly, fe A oR is the difference in rafige due to R, increasing to Rg , 


A® = 163.86 OpRp (leg 6 RS - 10g ¢ Ro) 
and is the same for all values of R,, 
while if A 2R is the difference in range due to Ry increasing to BS 7 


: ¢ 
AR = 163.86 OyR, (log, %, ~ log , By) 
am is the same for all values of R.- 


Hence if there are ten values of R,, each providing a 1,000 yard step 
in R, and ten values of R,, each provid a 100 yard step in R, it is 
possible to cover a 10,000 yard range of values of R in 100 yard steps by this 
decade arrangement. 


The method is illustrated in Fig.884 where seven steps are shown to 
each resistor; either may be the coarse, and the other the fine range 
control. In theory both resistors require to be wound exponentially, so 
that successive steps cause a wmiform change in the range measured; but the 
error in making all the resistors of the fine control equal is usually 
negligibie. 

The disadvantage of the simple network of Fig.66} is that the change 


in raige 1s discontinuous, the difficulty in avoiding this being common to 
all decade systems. Unless simultaneous switching sequences are used, the 
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passage from 8,800 to 9,200 yards, for example, in 100 yard steps, would be 
via oe of the two sequences 


8,800, 8,900, 9,900, 9,000, 9,100, 9,200 
or * 8,800, 8,900, 8,000, 9,000, 9,100, 9,200; 


since thousands and hundreds steps must be made separately. 


Further complications are introduced if the slider bridges two contacts, 
short~circuiting one of the resistors. 


A method of overcoming these disadvantages is shown in Fig.885. There 
are two separate networks, A and B. These are used alternately, the 
potentiometer slider, which is, as usual, connected to the deflector plate, 
taking the path indicated by the dotted line, the arrows indicating the 
direction of motion for increasing range. 


The slider travels from 0 to 10 on Py with Rp set at 0. It then passes 
to 0 on Py, which ig at the same potential as 10 on Pp, because Ra is set at 
10. The slider then travels from 0 to 10 m Pas during this period the 
Rg, tap changes to 20, so that the slider can then pass from 10 on Py, to 0 on 
P, since these stuis will now be at the same potential. During the movement 
of the slider over Py the tap on R, changes from 10 to 30, and the continuous 
rise in potential is similarly maintained throughout the complete range of 





Ra 
SIDE “A” SIDE ‘B* ewe 
Pa 
"FINE" 
Pa 
Pa 
To 
ie CRT 
DEFLECTOR 
z PLATE 
"COARSE 
Ra Rg 
Ral 
SIDE’ HT -ve 
Pig.885 = Improved version of Fig.886 - Practical arrangement of 
fig 884 circuit fige885 clrouit 


The potentiometers P, and P, are made semi-circular so that the slider 
passes directly from the higher potential end of one to the lower potential 
end of the other. In all cases there must be a momentary short circuit 
between the "make" of the slider at one stud and the "break" at the previous 
stud. This is immaterial at the end positions, as ha&S been shown, since these 
are then at the same potential. ‘In the intermediate positions the short- 
circuit merely bridges the gap between consecutive stuis amd serves to smooth 
the potential jump from stud to stud. 


A typical arrangement is shown in Fig. 886. 
16.  Earthing the potentiometer slider 


Because of the high voltages necessary to produce an adequate scale 
there is a likelihood of large leakage currents from either rail to earth. 
Since the potentiometer slider is to be maintained near earth potential 
this would introduce leakage resistances in parallel with one or other 
portion of the potentiometer chain, and change the ratio Be » with consequent 


range errors. 
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To avoid these errors the potential of the slider must be fixed by 
indirect means. 


Coarse and fine timebases 


17- General principles 


The problems of searching for an echo over a large timebase range are 
quite different from those of following accurately a selected signal; 
neither can the two operations properly be performed by the same person. 
Where both are required it is preferable to separate them, displaying the 
whole of the timebase on a coarse range tube, and a selected portion on a 
fast timebase where the echo can be accurately aligned with a marker or 
crosswiree 


The accuracy of range measurement depends on the fine range system, 
which must either be a fast sawtooth circuit controlled by an accurate pip 
marker system or contains a sinusoidal timebase generated vy a primary or 
good secondary tiwe-standard. In either case a sinusoidal generator is an 
inherent part of the timebase system. 


The main function of the coarse timebase is to line up the echo with 
the appropriate portion of the fine timebase, after which accurate following 
is continued on the latter. A moving marker on the coarse tube indicates 
the portion which is expanded on the fine sweep. This could be of the notch 
or pedestal type but is usually a bright patch or "strobe". The signal 
selector control which positions this marker must be ganged to the fine range 
system with sufficient accuracy to ensure that when an echo is in the middle 
of the strobe patch it is clearly displayed on the fine range sweep. 


Fine timebases divide naturally into two types, rectilinear ané 
circular. It is only with the latter that a fixed timebase is practicable. 
With the rectilinear, and some circular timebases a phase-shifting circuit 
is necessary to bring the echo to a fixed marker by shifting the timebase 
relative to the marker. With circular timebases it is possible to measure 
the phase shift on the face of the tube by using a radial cursor, as with 
the spiral timebase. 


18. Sawtooth timebase with marker 





A marker pip-train is generated by the time-standard after passage 
through a 0 ~ 360 deg. phase-shifting network geared to the fine range 
indicator: this is ganged to a sawtooth signal selector circuit which moves 
the coarse range indicator and selects two eonsecutive marker pips (Pig.@87). 
The first of these triggers the fine sawtooth timebase; the second a/pears 
in the middle of the timebase as a marker, shown in Fig.888 as a trace 
brightening pulse. The schematic arrangement is shown in Pig.8&9. 

A Be-scope presentation is shown in Pig.888(b). This uses the same marker 
system as the A-scope method of Fig.889, with different deflector plate 
comections. This system is particularly applicable to P.P.I. and other 
intensity modulated systems. 


19. Flat spiral timebase 


In this arrangement the output waveform from the phase-shifting net- 
work is applied to the X - deflecting system of the fine range tube. The 
whole timebase is, thus traced backwards and forwards across the tube, each 
Z cycle covering ‘5 yards in a sinusoidal sweep, where n = 163.86 , f being 
the frequency in ~ Mo/s. f 


The coarse range signal selector circuit picks out one halfcycle by 
relieving the bias on the CRT grid so that only one forward sweep is 
displayed, The zero of this sweep coincides with the electrical centre of 
the tube, and the echo is aligned with this by means of a crosswire, as 
shown in Fig.89. 
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Fige890 - Flat spiral timebase 


The initiating time-standard may be a orystal calibrator, in which case 
the only adjustment necessary to the fine timebase is the provision of the 
correct zero-shift, 


Where secondary time-standard is used, such as a ringing circuit, 

which gives the name to the timebase, a calibrating marker system with a 
primary standard is required, The marker pips are applied to the deflecting 
system ani a subdividing standard is required, The marker pips are applied 
to the deflecting system and a subdividing cirouit used to trigger the time~ 
bases. The standing bias on the CRT grid is removed so that the whole time- 
base is displayed in superimposed portions of length 3 yards, The ringing 
oirduit is tuned until all the calibrator pips line up together on the 
orosswire when the phase~shifting cirouit is correctly positioned. 


20. Fine J-scope timebase 


This is similar to the flat spiral method except that the whole of each 
cyole is displayed on a single overlapping circular timebase; only a portion 
of one turn is seen, the trace being brightened over this portion by the 
strobe pulse from the coarse range signal selector circuit, Either the 
phase-shifting clrouit may be used to bring the echo to a fixed cursor, or 
the trace may be stationary and a radial cursor rotated into coincidence 
with the echo (Fig.891). If the latter method is adopted the phase-shifting 
elrouit is eliminated. Schematic diagrams are shown in Figs.892 and 893. 


21. Timebase with expanded portion 


This rectilinear timebase combines coarse and fine range measurement in 
a single trace, a portion of a small-scale timebase in the neighbourhood of 
the selected echo being expanded into a "fine timebase’, The echo is 
aligned with a fine range marker positioned by a phase-shifting network. 


Fig.894 shows the tube picture where a dunkelpunkt (dark-point) marker 
is also used, As in the fine sawtooth timebase cirouit, the signal selector 
pulse picks out two markers, the first of Which triggers the "fine" timebase, 
the second producing the darkening pulse to the CRI grid circuit. If 
required, all the marker points may be displayed, and used for coarse range 
estimation, In this case it is better to display markers and signals on 
alternate timebase sweeps, as described in Seot.9. 


The schematic arrangement and waveforms are shown in Fig.695. 
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CHAPTER 19 


CONTROL SYSTEMS 


1. INTRODUCTION 





A control system, in general terms, consists of an arrange- 
ment of elements (amplifiers, converters, human operators, etc.) inter~ 
connected in such a way that the operation of each depends on the 
results of the operation of one or more other elements, and the purpose 
of which is to control some process or machine. 


The whole system commences with the input element, the 
operation of which should be independent of the control system, and the 
output element is tne one ‘nien affects directly the prrocess or machine 
to be controlled, ther2 may be several input or outrut elements, In 
most cases in radar the output element controls the position of the 
load, which may consist of a needle indicator, a shaft leading to some 
other control system, an aerial array or cabin which must be rotated to 
follow a target, or some other device. 


& common example of a control system is the accelerator of 
an automobile engine; the position of the pedal, or input element, 
controls the applied engine torque which, together with external con- 
ditions depending on the resistance to motion, inertia, etc., determines 
the speed of the car. The road wheels may be regarded as the output 
elements. Such a system could be described as a position-velocity 
system, or more exactly, a displacement-controlling-Vvelocity system, 
since the position or displacement of the input element ultimately 
controls the velocity of the output elements. It should be noted that 
the relation is not necessarily a linear one, ané that it will be 
affected by differing external conditions. 


The above is an example of an automatic, power~emplifying 
control system. In the case of a recording barometer, the variation in 
air pressure acting on a diaphragm usually provides the power to operate 
the recording device directly, so that the system is not power- 
amplifying. The supply of air to a pipe organ, on the other hand, 
requires power to be supplied by a motor or by a human operator; in 
either case power amplification is provided, a pressure gauge indicating 
the quantity of air required to maintain an adequate bellows pressure, 
ana the motor or organ blower responding accordingly. 


The mechaniaa of an automatic control system may be hydraulic, 
mechanical or electrical. In any case the essential links are indicated 
in Fig. £96. Fig. 696(.) shows a “straight through" arrangement in 
which input controls oucput directly, as with a Bowden cable (non-power - 
amplifying) or as in the motor-car throttle control (power-emplifying). 


The first part of this chapter is devoted to a consideration 
of electrically operated data tranmission systems, which may be 
represented schematically by the arrangement of Fig. £96(a), partioular 
emphasis being given to remote position-indicating devices. The second 
part deals with Servo Systems. 


A servo system is a control system which is Error-Actuated. 
As indicated at (b), at some stage of the control sequence the output 
quantity, or some function of it, is compared with a similar function 
of the input quantity, so that the whole system operates on the principle 
of reducing to sero the error, or difference between input and output. 
The process of comparing output with inpat is called Resetting. A servo 


is an automatic power-amplifying reset control system. 
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Fig. 896 = Fundemental arrangements of elementary control systems, 


According to this definition , certain electroriic circuits 
are servos Whereas others are not. A simple valve emplifier is not a 
servo, since there is no reset. Same feedback amplifiers, on the 
other hand, employ the resetting principle and thus come into the servo 
category. For exemple, in a cathode follower the output quantity 
(cathode potential) is compared with the input quantity (grid potential) 
and the power amplifying properties of the valve are utilised to 
minimise variations in the difference between the two (error voltage). 


DATA TRANSMISSION SYSTEMS (ON-RESETTING) 
2. General 


The function of a Data Transmission System is to convey to 
some remote receiver data which is represented by conditions at a 
tranamitter. Usually this data is represented both at the transmitter 
and at the receiver by a mechanical movement, but this is not necessary. 
Such systems may be variable either smoothly or step-by-step; the 
transition from the one type to the other is gradual and ill-defined, 
For example, a wire-wound potentiometer is essentially a step-by-step 
device, since the division of the total resistance into its two parts 
changes with movement of the potentianeter arm by finite steps, corres~ 
ponding to the resistance of a single turn of the wire. In effect, 
however, the magnitude of these steps can be so reduced as to make the 
ecror nesliyible, sothe device is assumed to be smoothly variable. 
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The commonest types of data requiring transmission in radar 
are those giving numerical indication of the position of the tranait- 
ter; ¢ege the Bearing or Elevation of an aerial system. Similarly, 
measured Range may be indicated by the angular movenent of a calibrated 
trananitting’ shaft, although it may be trananitted as a variable volt- 
age, the indication at the receiver being by means of a calibrated volt- 
meter, 7 


A data transmission system is Synchronous if there is 
negligible delay between the setting of the transmitter and the adapta- 
tion of the receiver in conformity with the conditions at the trans- 
mitter; i.e. the follow-up time may be taken as zero. Systems which 
embody servo action usually exhibit a time-delay in operation which may 
or may not be sensibly constant for sll inputs. They can seldan be 
considered as synchronous. 


A system is linear if equal movements at the transnitter 
give rise to equal changes in indication at the receiver. Where dupli- 
cate systems ere used, transmitting coarse and fine data, it is usually 
essential that the systems should be linear, otherwise one revolution of 
the fine tranamitter would not correspond to the same incremental movement 
of the coarse one, The alternative, a non-linear gearing system, is not 
noruslly practicable. The use of such coarse-and-fine systems makes 
great accuracy possible without complicated or finely machined con- 
struction. For example, in a rotational system a maximun error of one 
part in 5,600 means, with a single, or coarse, indicator, an accuracy 
of * 0-05° in 360°, With a coarse-and-fine system an error of + 3° can 
be permitted in both indicators without any deterioration in accuracy. 
This allows greatly increased manufacturing tolerances and often increases 
the ease of operation. 


Various non-electrical synchronous transmission systems are 
in everyday use, but omly electrical methods sre dealt with in the 
following sections. Mechanical devices, suchas flexible-cable rotary 
drives or push-pull controls can be used, but are inconvenient over 
distances of more than a few yards and in any case are prone to fatigue. 

Hydraulic and pneumatic devices have not been extensively applied to 
Service radar transmission problems, Electrical methods require only 

a multi-core cable between transmitter and receiver, and great accuracies 
may be maintained over long distances. 


3e Performance of Transmission Systems 


The oriteria by which a trananission systen is judged depend 
largely upon the use to which it is put. If it is required to operate 
a light pointer only, power considerations generally, and efficiency in 
particular, are not usually important. If it is required to drive a 
heavy mechanicalload these oonsiderations may predominate over all others. 
If the systea is not power-amplifying, the power to drive the load at 
the receiver must be provided by the source operating the transmitter. 
Systems which are power~amplifying are frequently of the servo type, 
the transmission being carried out at a low power level and the signal 
power being amplified at the receiver by a servo. 


The criteria usually applied to transmission system are as 
follows: 


(i) Stiffness: this is defined as the magnitude of the 
disturbing torque that has to be applied to the load 
to displace it by a unit angular amount from its 
position corresponding to a fixed input. 


(44) Maximum static errors with or without load. 
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(iii) Dynamic errors; velocity and acceleration lags. 
(iv) Frequency response. 
(v) General reliability, size, weight,etc. 


Same of these criteria are dealt with more fully in Secs.15 
and 17-19. 


de St =-Step Systems for Transmitt. Position Data 


(1) Lemp system. In this systen a lemp lights at the 
receiver to indicate the position of the moving arm at the trananitter. 
The very simplicity of 
this system, as indicated 
by the circuit of Fig. 

897, makes it particular- 

ly useful where relia— 

bility is of paremount TRANSMITTER 
importance. The method 
can be adapted to any 
degree of accuracy by 
the use of coarse and 
fine dials with lamps 

at regular intervals 

on the circumference. ; 
Even ao, a large Pige 397 = Lamp system. 

number of cable cores is 

required. Since this 

is an On-Off system no 

errors are introduced 

by line losses, provided the lamps always light when (and only when) they 
are switched on. By the use of gas-filled lamps the current can be 
kept very small. Whilst the method is adaptable to pointer-matching 
receivers it is purely an indicating system and is not readily adapted 
for power drives. Either AC or DC supplies may be used. 


RECEIVER 





(ii) MType System. The M-Type Tranaission System, or 
M-Motor as it is sometimes called, is a relatively high-power analogue 
of the lamp system, the receiver current being used to provide a driving 
torque instead of energising a lemp. The method is illustrated in 
schematic form in Fige 596. 
As the brush at the trans- 
mitter rotates and "makes" 
on each segnent in turn 
of the trananitter switch, 


receiver is energised, and 
the magnetic field set up 
produces a torque on the 
soft-iron rotor, which is 
magnetically asymmetrical, 
tending to pull its Meee + 

magnetic axis into line TRANSMITTER RECEIVER 

with the field. If the (n segments) (m armature unndings) 
brush makes on two seg- 

ments at once, both of 

the corresponding wind- 

ings are energised and Fig. 898 ~ Schematic arrangement of letype 
the rotor tends to take transmission system. 

up a position intere 

mediate between the field 
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axes due to the individual windings. In practice this overlap interval 
is often brief ana then does not greatly reduce the inherent errors of 
the systen. If there are na wort the maximan off-load error (i.€. 


assuming there is no load terque) is 260° . This possibility of error 


is aceompanied by a 180° ambiguity 4 ait unpolarised roter is used, 

since in this ease a reversal of the rotor does not change the magnetic 
stability of the system. If the retor is polarised, two positions of 
equilibrium remain fer each position of the tranmitter brush, but one 

of these is unstable ané of little practical importance. As the trans - 
mitter arm is rotated steadily the receiver rotor follows in jumps of 


360° « The relative dispositions of brush and armature windings should 


n 
normally be adjusted se that the error is sere when the brush is in the 
centre of each segnent. 


A variant of the elementary circuit is shown in Fig. 899. 
By the use of three fixed brushes and dead segnents on the rotary switch 
the field at the reosiver is made te rotate in steps of 30°, correspond - 
ing to a 12~segnent switch of the elementary type show in Fig. 898, 


The receiver is 
shown wound for a two-pole 
field. The use of a four 
pole winding in the receiver 
reduces the step to 15°, but 
at the expense of introducing 
180° ambiguity, even with 
a polarised rotor. Such a 
er in va sae Pige 899 ~ M-type transmission. 
one complete winding is 
shown, for the sake of 
clarity. The windings for the sets "2" and "3" are the same as for 
"1", each starting at the appropriately mumbered point and ending at an 
earthed point. If the transmitter 
of Fig. 895 is used with such a 
reseiver there is a 1:2 ratio 
between the movenent of the es 


roter and thet of the trans 
5 5 
oy N 
a As 





Pige 901 shows an 
alternative form of tranamitter 
switch providing a 1:1 ratio when 
used with a four~pole reoeiver. 
Neglecting the brief overlap 
period when a brush bridges 
two segnenta, fhe receiver field 
advances in 30° steps, i.e. 12 
per revolution. There is a 
180° ambiguity even with a Pig. 900 - 4-pole receiver. 
polarised roter. 


A transmitter switch which 

provides 2) steps/rev. is shown in Pig. 902, Segments similarly numbered 
are connected together. The effect if this is used with the reeciver 
of Fig. 898 is the same as if a 1:2 (step-up) gear were introduced 
between transmitter and receiver.. The brushes my be duplicated,if 
desired,as shown (unshaded). If an &pole receiver is used, the 1:2 

ratio is removed, but there are four stable positions of equilibriun 
with a polarised and eight with an unpolarised rotor. 





mitter switch. 
¥ 
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The principal 
advantage of the M-type 
systen is that it com- 
bines power amplifi- 
eation with relativel 
high efficiency. I+ 
may be used with an 
alternating supply 
provided the rotor, if 
polarised, is fed from 
an inphase source. Its 
chief disadvantage lies 
in the large number of 
ambiguities which must 
be permitted if small Figs 901 = Alternative form of M-type 
incremental steps are system. 
to be obtained. 





In its practical form the Mh 
motor is not Self-Aligning; i.e., once 
the receiver is out-of-step with the - 
trensaitter it requires some external 
cause to bring it into step again, since 
any one of the ambiguous positions of 
the receiver rotor is as stable as any 
other. 





5e FPotentioneter and Voltmeter Systems 


The basis of many trans- Fige 902 = Transmitter 
mission techniques is the potentiometer 
and voltmeter arrangenent of Figs 903. proveding 2 steps (rev. 
The voltmeter, in the simple circuit, 
is calibrated to indicate the dis- 
placement of the potentiometer slider 
from the zero end. Theoretically, 
if a wire-wound potentiometer is used, 
the indications are stepped, but in 
practice the steps may be smaller than 


the static error of the meter. 
Dynamic accuracy depends on the stiff~ a Seo -------e 
ness/inertia and damping ratios of the 


meter; (see Sec, 19). The accuracy 
‘1s affected by anything causing 
variation in load current, such ag line 
resistance or fluctuations in battery 
voltage. Changes of temperature may 
affect the accuracy of the voltmeter 
through mechanical changes or through 
variation of resistance. 


Fig. 903 = Potentiometer and 
voltmeter system. 


All of the systems employ- 
ing the basic principles of the 
circuit of Fige 903, same of which are described in Sec. 6, are essenti~ 
ally power-emplifying. That is to say, the power which provides the 
output torque to bring the needle or rotor into alignment may be much 
greater than the power necessary to move the input potentiometer arm. 
Qn the other hand, these systems are not suitable for high powered drives, 
because of their very low efficiency. In general the load current must 
be small campared with the current flowing in the various branches of 
the transnitter potentiometer, so that if high powers were required at 


a 
‘£ 


‘ Si 
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the reeeiver prehibitive dissipation would be necessitated at the 

tranmitter. In this sense these systems compare unfavourably with 
_the non-power-amplifying selayns, described below, or the power~ampli~ 
fying M-metor, (sec. 4). 


The simple circuit of Fig. 903 may be modified by the sub 
atitution ef an AC supply and meter for the DC arrangement. This in- 
troduces further sources of inaccuracy, of whieh variations in wave- 
form and frequency of the supply are the most prominent. 


One form of 
voltmeter coumenly used POLARISING 
is indieated in Fig. CURRENT 
90,2 This requires a 
3-core cable, but is 


SIGNAL. 
FIELD 






POLAR~ 


* sas 
o /aesuranr 
FIELO 


dependent of supply = 

Pluctuations, and, in 

seme cases, of line Pigs 904 = Electrodynamic system with 
reasistanee (provided DC polarized voltmeter. 
this is the same for 

all the lines). 


The direetion of the resultant field at the receiver depends 
on the pesition of the slider at the transmitter, and is indicated by 
a magnetised roter. This roter aligns itself with the resultant flux, 
which is inclined at an angle @ to the flux axis of the polarising 
winding. The system is non-linear, the movement of the input slider 
being proportional te tan @, For DC eperation a permanently magnetised 
needle may be used, For AC working the needle mist be magnetised 
frem a source in synchronian with the potentiometer supply. 


Ge Ring-Potentieometer Systens 


The reselvers deseribed in Chap. 3 Sees. 18419, may be 
adapted as trangitters or receivers for use in data transnission 
systeus, as indicated in Fig. 905. In this case sine-graded resistive 
potentiometers are used to form the transmitter, fed frem a DC source, 
end a pair of inductive resolvers with a single magnetic rotor, which 
aligns itself with the resultant flux, form the receiver. The trans~ 
mitter potentiometers are so wound that 


Vi, sin @; 


and Vy oc cos Oy » where eo, is the angular rotation of the mutually 


perpendicular potenticmeter arms from some reference position. Provided 
each resolver is wound se as to produee a uniform flux ef magnitude _ 
prepertional to the input voltage, the inclination 0, of the resultant 


field at the reoeiver, is given by 
Vx 
Ore = tan 0, 


Henee ©. = 0, + ns180° 


Su5 
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This system is therefore linear. The ambiguity (n = 0 or 1) 
may be resolved by the use of a polarised retor, in which case one of 
the equilibrium positions is wmstable. If an unpolarised rotor is 
used the receiver must have identical scales, each occupying 180°, if 
ambiguity is to be avoided; (Fig. 906). 


The system may be used 
with an alternating supply. In this 
case induetive potentiometers may 
replace the resistive ones. The 
retor must be polarised from an AC 
souree in synchronism with that 
which feeds the potentiometers. 





Pige $C5 = Twoecoil receiver 
An alternative arrange~- fed from sine~graded potentiometer. 
ment of the sine~graded ring 
potentiometer system is shown in 93 2!> 


Fig. 9C7. This is typified by ‘ 5 POR 
the term Inverted, indicating 3 s Sf of Ps 
that the supply is fed to the a A 6 OAS 


potentiometers via the rotat~ 71098 Prov? 

able potentiometer ams, the TRANSMITTER RECEIVER 

raelchae tine Fast se being Pig. 906 = Resolution of ambiguity 
5 te ring potentiometers are due to unpolarised rotor. 
necessary for the x and y wind 
ings of the receiver. 


Although the use 
of sine~graded potentiometers 
gives a theoretically linear eV 
relation between @, and 6,, where~ 
as non-sinusoidal potentianeters $ 
introduce non-linearity, the _# 
latter are commonly used in = 
practice because of their compa- 
rative simplicity of construc- 
tion. By the adoption of 
coarse~and-fine methods the 
errors introdueed by the exploy- Pige SO} « Serge eee 
ment of uniformly-wound potentioe Pepe eee 
meters may be made of negligible 
importance. Such a system is indicated in Pige 900(2) and is analogous 
to the phase-shifting network described in Chap. 5 Sec. 23. The errors 
introduced by the potentiometer linearity are the same as for the phase- 
shifting network and the cause is illustrated in Fig. 903(:). This is 
a vector diagram indicating the direction O'P' of the resuitant flux in 
the receiver. Using the symbols as indicated, to represent component 
fluxes and voltages, we have By % Vy and B, oO Vy, the changes in each 
quantity being proportional te the angular movement o, of the potentio- 
meter arm. As P moves from A to B (Figs 906(2)!) P* moves from A* to 
B' (Fige S08(b)), the distance A'P' being proportional to the change in 
voltage fram A to P, i.e. proportional to 0,. If 0;, is measured in 


e 
degrees, and 7 7 > 





SEPARATE SUPPLY 
POTENTIOMETERS 
ARE NECESSARY 
FOR THE x AND y 
WINDINGS 


then BL xg 
and B cl — 
i g 


so that tan Gg = seo OL 
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The output alternately lags and 
leads the input. The errer @, ~ @; 
is sere when 0, = 0°, 45°, 


90° etc. Maximun error occurs 
when Ox = £ 21-59, 90° + 21°5°, 
eto; its value is t 4°1°, 


Since the 
potentiometer is uniform it may 
be used either as show in : TRANSMITTER RECEIVER 
Pig. 908(2) or inverted, as in 
Fige 909. This latter circuit (a) 
alse uses a full-wave or bal- 
anced arrangement of feed- 
points and receiver coils. An 
advantage of this arrangement 
is that the accuracy is net 
affected by voltage drops at 
the potentiometer output 
connections due to load current, 
provided the load is balanced 
and symmetrical; i.e., the 
input resistance of all the 
stator coils, measured between 
each input terminal and earth, 
a same, a the es Pige 908 = Uniform ring~ 
cable connections have eq 
resistance, The off-load Posen ce eye 
accuracy (i.e. ignoring the 
effect of current drain on the transmitter) is the same for this 
arrangement as for that of Fig, 908(2) 








A modification of the method of Fig. °09 is shom in Fig. 
$10 where a three-coil receiver is fed from an inverted linear ring- 
potentiometer. This results in an im ent in off-load accuracy, 
the maximum error being reduced to 1-1°. The relative voltages 
carried by the three lines are indicated in the figure in terms of g, 


where J = oh . 
90° 





Fig. 969 - Inverted full-wave Fig. 910 ~ Three~coil receiver 
arrangement. fed from unifow ily wound 
riny-potentio icter 


Go 
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It may be deduced that, with the same symbols as for Fig. 


508 , 
"Xk 9 
and Boc/F gs 3 
Ste £Fee ge 
4 


Provided a polarised rotor is used, no error is introduced at 6, = 0°, 
30°, 60° etc. Maximum error oocurs at 0, = t 13-29, 60° 2 132°, ete. 


7e Single-Phase aC Systems 


Any of the systems described in Sees. 1 ~ 6 may be operated 
from single phase supplies, although generally speaking the accuracy is 
not as good as with DC. The systems dealt with in the following sections 
cannot be operated frem DC supplies since, in all cases, the transmitter 
EMF's are magnetically induced, and, in some cases, the receivers 
operate correctly only if the frequency of the alternating supply 2s 
maintained at a suitable value. 


The term Selsyn (from Self-Synchronous) is used for either 
a transmitter or a receiver designed on the principle of the inductive 
resolver or varisble-ratio transformer. (Chap. 3 Sec. 19). The 


cos (0;-120°) 


cos a; 








os (6 +1204 





~ 
fr. 
8s 


aes fe hs 


() TWO COIL (b) THREE COIL 


Figs 911 = Selsyn transmitters. 


transmitter fulfils the function of the sine~graded potentiometers in 
the cirouit of Fig. 905, feeding to each receiver coil a voltage proport- 
donal to the cosine of the angle between the trangitter rotor coil and 
the appropriate stator coil. Fig. 911({a) shows schematically a two- 
coll stator and Fig. 911(b) a three-ce1r stator selsyn transmitter. 

The currents in the receiver coils have the seme function as in the DC. 
circuit, to produce a resultant flux with which the polarised rotor 
aligns itself. In the selsyn receiver, as in the selsyn tranmitter, 
the soft-iron core of the rotor is polarised frem an AC supply fed to 
the rotor winding via slip~rings. 
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In the Magslip (Magnetic Slip-Ring) receiver a shaped soft- 
dren rotor is polarised by magnetic induction from a stationary wind- 
ing so that the use of slip~rings is avoided, This results in a very 
considerable loss in efficiency, the output torque available from a 
magalip reeeiver being sufficient to drive only a light pointer. 


(Note: The term Magslip, which originally had only the meaning 
assigned to it above, is now eaployed te describe many 
other trananission components, seme of which do net employ 
slip~rings, and is applied to some devices in which no 
movement at all occurs. The transmitters used with mag- 
slip receivers are called magalip transmitters or 
transmitter magslips, although they are designed on the 
séLsyn principle, using slip~rings). 


The advantages afforded by the use of selsyn-type trans- 
mitters instead of resistive potentiometers are :- 


(i) they are more compact for a given output power; 
(44) they are easier to make to a given degre? of accuracy; 


(i441) they have a lower eutput impedence for a given input 
power, so that there is less reaction due to loading 
by the receiver. Also, a slightly wibalanced load 
does not seriously unbalance the output voltages of 
the tranaitter, 


A disadvantage is that selsyn systems are not power-amplifying. 
Because of its high efficiency a “power” selsyn (i.¢., a large one) may 
be employed to drive a load which requires a large driving torque, but 
this torque must be previded by whatever source of power is used for 
driving the roter of the transmitter. In this sense selsyns are 
inferier to M-motors, but compared with the latter selsyns have the 
advantages of te 


(i) smoothly variable output, instead of step-by-step; 
(41) absence of ambiguity; (i.e., they are self-aligning); 


(444) they require a cable with only five cores, whereas 
an M-moter may need many more. 


8. Selsyn Systems 
Figs 912 shows 


a simple two-circuilt selsyn 

system. Such a system is —- 
sometimes described as a 

"Two-Phase" system. The 


term is not used here, a it R 
Since “phase” is reserved 

for time-variations. ae on 
Many of the windings used eset 


in single-phase AC trans- 
mission systems are 
similar to those foumd in 


polyphase motors or TRANSMITTER RECEIVER 
generators, where a 

rotating flux is generated, Fig. 912 ~ Simple two-circuit 

In the systems here describ- selsyn system 


ed single phase supplies 
are used throughout. <A 
flux can be made to retate 


only by rotating the 
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appropriate field windings. 


In the arrangement of Fig. 912 the rotor of the reoeiver 
is polarised from the same source as feeds the transmitter. Trans~ 
mitter and receiver may be identiesl mits, or the receiver can be of 
lighter construction. In the former case, when the receiver is in 
alignment with the tranasitter the line current is sere, sinoe the 
indueed EMF's caneel in each of the secondary circuitse Each of the 
primary windings (the two rotors) draws from the supply sufficient mag~ 
netising current to set up a flux which gives a primary back EMF equal 
te the exeess of the supply voltage over the series resistance drep. 
The arrows in the diagram show the flux directions for a chosen half- 
eycle of the supply current. Fig. 913 shows a three-cirouit system. 
A three~circuit selsyn is preferable to a two-circuit one because s- 


(4) The problem of winding the secondary cirowits is 


simplified. 
(ii) Ewen if the variation cm a inductance with rotor 
angle is not truly sinn idal, the error introduced at 


the receiver is zero ery 30°, compared with every 
45° for the two-circuit systen, and the maximum error 
is less. 


The three-cireuit selsyn 
system does not require any more 
eable cores than the two-circuit 
system. 


STATOR STATOR 


In general several 
receivers may be driven from a 
single trangnitter. Where 
receivers and trananitters are 
of identical construction inter- 
action between receivers may be 
prohibitive. If one receiver 
is misaligned currents flow frem 
the other receivers providing a 
correcting terque, and these 
currents cause the other receivers 
to be misaligned also. This 
interaction may be reduced by Fige 913 = Three-circult selsyn 
making the receivers of high in- system. 
put impedance compared with the 
output impedance of the trans= 
mitter, so that misalignment 
current from any one receiver is small and has little effect on the out~ 
put voltages of the tranmitter. Where this is done the stiffness of 
the receiver is anall, and it is suitable for operating only a light 
pointer. Precautions must be taken to minimise frictional torques 
and errors due to mechanical unbalance of the receiver rotor. 


9. Genstruction of Selsyn Transmitters 


The pringipal objéct in the construction of a selayn trans- 
mitter is to obtain sinusoidal variations of the mutual inductance 
between the primary winding and each secondary winding, as the rotor is 
turned, Common practice is to use three secondary windings, spaced 
120° apart. Iren cores are normally used, to keep the magnetising 
current, at the usual power frequencies, reasonably low. Frequencies 
up to 1 ke/s have been used, 


Usually the primary winding is put on the retor, as this 


requires only two slip~rings and avoids having variable contact-resist- 
ances in the secondary circuits, the impedances of which must be 
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accurately balanced at all times. In addition, former-wound coils can 
then be used for the secondary windings. However, most of the heat 
losses occur in the primary, and hence some makers put the primary on 
tke stator. 


The problem of making the flux linkages between the primary 
and each secondary winding vary sinusoidally with the angular rotation 
of the roter is the seme as that of securing a sinusoidal output voltage 
waveform frem an alternator, and the methods of construction adopted 
din the two oases are similar. 


10. Selsyn Receivers 


The reseiver of a selsyn—type transmission system should 
resemble the tranmmitter in having the secondary coils so wound that 
the mutual inductance between each secondary winding and the primary, or 
polarising, winding varies sinusoidally as the rotor is turned. It is 
an advantage if the roter is magnetically symmetrical. 


Consider a twe-circuit reeeiver, If the reter is unpolar 
ised but magnetically asymmetrical, a current flowing in either stator 
coll tends to align the retor with its axis of least reluctance in the 
direation of the magnetic axis of the coil; i.¢., the roter tends te 
set in the pesitien giving maximum inductance of the coil. If the 
eurrent in the ooil is I, (RMS value) and ita inductance is ly, the 


terque en the rotor satisfies the relatien 


Ty? 
Ty 2. =: 0, being the angular position of 
0 


9 


a 


Ig? dig 
the reter, 4 similar terque To o ot ae is deweloped be- 
e 


tween the secend ceil and the roter, so that for equilibrium, 


Ty, +Ty se. 

This gives ‘5 
ay /M2 , _ (28. 
B/m- - 13 


This does not lead te a simple expression fer @,. In general 
the torques due to reter asymmetry are not likely to tend to produge the 
seme equilibrium position for the rotor as those due to mutual inductance 
between retor and stator ooils. _ Hence it is usually desirable for the 


rotor to be symmetrical so that ——— and are sero. In this case 
dB, dB 


the seme design considerations apply to the receiver as apply to the 
selayn tranmitter; (Sec. 9). 


11. The Wagslip receiver 


Simplified plan and elevation drawings of a magslip reeeiver 
are show in Fig. 914. The Ieshaped soft-iren retor is balanced se 
that its equilibrium position is independent of gravity. It is polarised 
from a fixed cylindrical polarising winding as shown. The stator has 
three sets of coils arranged with their magnetic axes spaced 120° apart, 
The mutual inductance between any stater winding and the polarising coil 
sheuld vary sinusoidally with the rotation ef the retor; i.¢e., the flux 
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entering the roter due te any stater current should vary sinusoidally 
with the angular positien ef the roter. This desired variation of 
the rotor flux can be achieved if the magnetic petential U of the 
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Fig. 914.- Magslip receiver. 


stator surface varies 
sinusoidally from point 

to point. Using a i 
slotted stator, this 


17% STATOR 
condition can be apprexi~- Ky ® @ WA 
Ui v2 \ 


mated to by an appropriate 


distribution of ampere turns. ipetiuel ts ariee (a) 
The sane current flows in ben ie em 
all the conductors of any ae S NUMBER ot CONDUCTORS 


one winding, but the 

mumber of turns in each slot 
is so chosen that the 
resulting stepped graph of 
magnetic potential is 
approximately sinusoidal; 
(Pige 915). The inte= 
grating effect due to the 
rotor overlapping more 

than one slot aucoths out 





the flux-linkages so that Fig. 915 = Distribution of 
the effective magnetic magnetic potential for lj-slot 
potential is less irregular stator, 


than that of Fig. 915(b). 


When each of the stater windings is energised the resultant 
potential distribution at the stator surface is still approximately 


sinusoidal, as may be readily deduced by vectorial or analytical 
methods. There is in practice a cyclic errer of magnitude approximately 
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6* and of period equal te the slet pitch (15° in the magslip reosiver). 
. The effects of friction (see Seo. 15) are greatly reduced 


wy the endwise dither ef the rotor which is caused by the pulsating 
magnetic pull of the polarising coil. 


The resonant frequency 


of a magslip receiver is in the xe 
neighbourhood of 2°5 o/s. The 
velecity lag is indicated in 2°. 
Pig. 915; it is about 1° at 
ay (ee The damping is low. iS 
erious methods are being in- 
vestigated of increasing the oO 20% ents 


demping end reducing the pre- 

neunced resonance which has 

deleterious effects when used Fige 916 - Magslip velocity lag. 
with some computing devices. 


12. Qoincidence Indicating Systens 


The object of a 
Ceincidence Indicating System 
is to indicate when one shaft 
at the receiving end of the 
system is aligned with ane 
other at the transmitting 
end. Usually the magnitude 
and direction of any misalign- 
ment must be shown over a 
certain misalignment range. 





VOLTMETER 


A ring-potentio- (a) 

meter coincidence system is 
shown in Pig. 917(a). The 
voltmeter shows a reading wouter 
whenever the angle between \ 
the two brush sets is other 
than 90°, The action is 
illustrated in Fig. 917(b) 
@ denetes angular rotation 
from the diameter AC on 
ot ring-potentioneter, 

being the rotation of 
ie feedpeints of voltage, 
+ V and -¥, and ©, the 


rotetion of FQ frem AC. 





Neglecting the current Pig. 917 = Ring-potentiometer 
drain from the first net- coincidence system with curve of 
work due to the second, voltage against angular rotation. 


the variation of voltage 
with 9 is shom in 


° 
Fig. 917(b) for the chosen value ef @;. Provided 0, = @, + 90° the 
voltage difference between P and Q is sero. 

The veltmeter may be at the seme end as the power supply. 
It must be polarised if the sense of the misalignment is to be indicated. 


The system will operate with an alternating supply provided the volt- 
meter is polarised from an in-phase supply. 
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Fige 918 shows a 
seLsyn ooincidence indicator, 
The flur-distribution due 
to rotor 1 is reproduced by STATOR STATOR 
stator 2. Unless rotor 2 : 
is perpendicular to this 
flux, and therefore to 
rotor 1, ‘a resultant EF 
will be induced in rotor 2 
and will be indicated by 
the voltmeter. The meter 
must be polarised, as 
indicated, from an in-phase 
supply. Although a dynamo~ 
meter meter is shown, an SOLARITED 
AC-polarised moving iron VOLTMETER 
meter could also be used, or 
a polarised DC voltmeter in 
conjunction with a phase Fig. 918 - Selsyn-type coincidence 
discriminating rectifier; system. 

(Sec. 14). 





A selsyn 
system using a 
differential receiver 
is shown in Figs 919. ROTOR OF 
A differential selsyn eccceee 
receiver consists of 
a stator and a rotor, 
each with three sym= 
metrical windings, 
The flux in the stator 
of the receiver is 
parallel to the 
magnetic axis of 
rotor 1, at an angle 
Os from the reference 


axis. The rotor of 
the receiver, carry- 
ing the rotor ooils, 
aligns itself so that 
the stator flux and 
rotor flux axes are 
coincident. The rotor 
flux is inclined at an Fig. 919 + System using differential 
angle 9, to the receiver. 


reference axis on the 


rotor (indicated by 
the needle attached to the rotor), Hence the inclination of the rotor 


needle to the reference axis of stator 1 indicates the error (0, ~ 0,). 


In this system the differential receiver may be remote from either 
tranmitter, 





PIATOR 


Coincidence indicating systems may be used to give visual 
indication of misalignment, or may be used, if suitably adapted, as 
error indicating devices in servo mechanimms. 


ce 
»~. 
= 
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SERVO SYSTEMS 
13. General 


Although attention is confined, in the subsequent analysis 
and description, to servos which drive a mechanical load, the principles 
are the same if the output is of a different kind, and the same methods 
of analysis may be employed. 


The arrange- 
ments of the principal 
elements in a servo are 
shown schematically in 
Pige 920, Sometimes 
the functions of two 
or moreelements may 
be performed by a 
single co-ordinating 
element. It will 
be assuned, unless 
otherwise stated, that 
there is no inherent 












Oj JOIFFERENCE | € 
ELEMENT 


INPUT 
ELEMENT AMPLIFIER 


RESETTING 
ELEMENT 






feedback from output Fige 920 = Arrangement of the principal 
to input in any elements of a servo (see Sec.18 for 
individual element. explanation of symbols). 


14. uting Devices (Converting and Calculating Elements 


In many servos it is necessary to convert operative quantities 
from one kind to another. For example, either the input or the error 
quantity may have to be converted from a mechanical movement to an 
electrical potential, or vice versa, It may also be required to add or 
subtract, multiply or divide, integrate or differentiate, various 
operative quantities. Any of these processes may be performed in 
various ways, either mechanical or electrical solutions being common, 


To convert a mechanical movement to an electrical potential 
difference a simple linear potentiometer arrangement will suffice, as 
illustrated in Fig. 921. A constant witage is applied at the input 
terminals A and B and the output voltage between the slider C and B is 
proportional to the product of the constant voltage and the slider move- 
ment. If the input voltage is not 
constant, but is proportional, say, 
to x, whilst the slider movement is 
proportional to y, the output is 
proportional to the product xy. 

By winding the potentianeter 
according to a non-linear law so 
that Ref(y), where R is the 





variable resistance and y the ne ag rs ¢ 
slider movement, the output can a? R A oolface 
be made proportional to xf(y). 5 


In converting from an 
electrical potential to a mech~ 
anical porate: a self-contained Fig. 921 ~ Conversion of a 
servo is usually required, since mechanical movement to an 
a voltmeter type of arrangenent, electric potential. 
which would otherwise suffice, 
does not normally provide suffi~ 
sient output torque. 
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The fundamental arrangement is illustrated schematically in Fig. 922, 
The output frem the resetting potentiometer is subtracted from the 
input in a difference amplifier. The latter controls the servo 
motor which drives the resetter until the input to the difference 
anplifier is sero. Thus the output of the potentianeter is equal to 
the input, and the resultant movement of the potentiometer arm is 
proportional to the input voltage. 


Voltages may be added by using the network of Fig. 323. 
The result . 

Vz 

“Ry 
Ve a (see Chap. 1 Sec. 12) 

Ry 


becomes, if all the resistances are equal, 


DV. 
= 1 where n is the number of shunt networks. 
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Fig. 922 = Conversion of an Fige 923 = Adding network 
eleotric, potential to a mechanical (ladder). 
movement. 


For direct voltages, a reversal of polarity of one of the 
sources changes the addition to a subtraction. Fig. 924 shows how the 
potentiometer input and output elements may employ this principle to 
form the combined resetting link and difference element of a servo. 

In this example the input element is a resistive potentiometer fed 
from + 300V, the slider being rotated by the input operator. The 
resetting element consists of 

another potentiometer fed +300¥ T 

from -300V, its slider being 
driven by the output shaft of POTENTIOMETER 

the servo motor. The dif- (100 kn) 

ference voltage € is pe 
taken from the junction of the = ANPLIEIER 








twe equal resistances and may ‘ ee 
be positive or negative ; 7 
according as O52 Z2@y- If it Peek. 


is impertant that € should 
accurately represent 04 - 5. 
the output impedance of the 
potentiometer should be “ R. Fig. 32. ~ Use of neice. 
In the case illustrated this and resistance network to form 
is usually unimportant, since combined resetting and difference 
strict proportionality is not elements of a servos. 
necessary in a difference 

ef) ¢ 

Sis 


O 
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element, although any non-linearity which may be introduced complicates 
analysis. In other cases an amplifier inserted between each potentio- 
meter and the adding network will ensure that the output impedance is 
constant to a sufficient degree of approximation. 


For alternating voltages 
the same system may be used, subtraction 
being achieved by a reversal of phase 
of one of the input signals. 
Alternatively, transformers may be 
employed, making addition and sub- 
traction extremely simple in theory, fe, 3 
as indicated in Fig. 925. In practice, E fete, 
slight changes in phase may be te, 3 
difficult to avoid, and can ser~ 
iously affect operation. With AC, 


potentiometers may be of the inductive Pig. 925 ~ Addition or 
type, in which coils, instead of subtraction of sinusoidal 
resistance-wire, wound on high voltages. 


permeability cores, take the place 

of the tapped resistance. One 

advantage of this arrangement is that 

With resistive loads the load 

current is in quadrature with the 

potentiometer current and does not appreciably affect the magnitude of 
the output voltage. An emmplifier following the potentiometer is thus 
often avoidable. : 


Electrical integrating and differentiating circuits are 
described in Chap. 2 Sec, 17. Their mechanical equivalents, in the 
form of ball-and-dise gear, are not often used in servos, although the 
“governor® type of speed control, which is a form of rate-measurer, may 
be employed. Integrating circuits in hydraulic servos are common, 
and one type consists of a cylinder with some form of valve which allows 
fluid to enter at a rate proportional to the size of the aperture; the 
output depends on the movement of a piston which is proportional to the 
quantity of fluid in the chamber, The piston movement is thereby made 
proportional to the time-integral of the valve movement. 


It may be necessary in electrical servos to convert from 
AC to DC or vice versa. In some cases the error voltage is sinusoidal, 
whereas the servo motor requires a steady voltage or direct current 
feed, its sign determining the direction of rotation of the armature. 
The sign of the error depends on the phase of the alternating voltage, 
and it is therefore necessary to convert the sinusoidal input to a DC 
output by means of a phase discriminating circuit. 


This may be accomplished by a asynchronous rotary converter, 
the action of which is illustrated in Fig. 926. The commutator, 
which acts simply as a reversing switoh, is driven at synchronous speed 
with reference to the frequency of the sinusoidal error voltage. At 
(a) is shom a fictitious reference voltage corresponding to the 
commutator retation, and (b) shows the error voltage which is fed to 
the comutator via sliperings. A reversal of the error voltage 
reverses the polarity of the brushes (4) and thus the sign of the out- 
put voltage after being filtered from the commutator. 


An electronic circuit which accomplishes a similar result 
4s illustrated in Fig. 927(a). The standard reference voltage, with 
which the error voltage is either in phase or antiphase, is applied to 
the anodes of the two valves in pushpull, so that one is conducting 
when the current of the other is cut off. The error voltage is 
applied to the control grids of both valves, so that anode current is 
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Fig. 926 = Phase discrimination by means of a synchronous 


rotary rectifier. 


caused to flow in one valve or the 
other for a half cycle, as shown 
in Pig, 927 (b)e The direction 
of the field in the anode coil 

is thus reversed with the change 
in phase of the error voltage 
and, provided the linear portions 
of the valve characteristics are 
used, the magnitude of the current 
will be proportional to the magn- 
itude of the error sigal. In 
the case illustrated a direct 
current is caused to flow in one 
or other of the differential 
field windings of a servo motor, 
according to whether the error 
voltage is in-phase or anti- 
phase with the reference voltage. 


The reciprocal 
problem of converting a DC in- 
put of a certain polarity into 
an output of corresponding 
amplitude and phase may be 
solved by means of saturable 
reactors as well as by electronic 
meanse Fig. [23(a} ‘shows an 
iron-cored reactor fed with both 
direct and alternating voltages. 
The direct current partially sat- 
urates the core, so that the 


eae te resented to the AC 
taminals is reduced as the 


ae current is: increased. 
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Fige 927 = Operation of electronic 
AC-DC error converter (Phase- 
discriminating rectifier). 
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Pour such reactors are 
used in the network showm 
in Fig. 92€(b), De 
polarising windings, one 
on each reactor, are fed 
from the same source, 
Control windings, fed 
from the DC error voltage 
source, are so connected 
that the DC fields in 

A and C are increased by 
the error voltage when 
those in B and D are 
decreased, and vice 
versa. When the error 
voltage is zero and the 
system is properly bal~- 
anced, the impedances 
presented by the four re- 
actors at the individual 
AC input terminals are 
the same. When the 
error voltage is not 
zero the DC fields in 
two opposite arms of the 
bridge are increased, 
reducing the AC imped- 
ance, and those in the 
other pair of arms are 
reduced, increasing the 
AC impedance. Thus a 
net voltage is produced 
at the output terminalis 
equal to 


vy (2, ~ Zp) 
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Fig. 928 = Iron-cored reactor with DC 
amd AC fluxes, and use of saturable 
reactor to convert error from DC to AC. 


and is thus in-phase or anti-phase with Vv, sccording to the polarity of 


the DC error signal. 


Within limits the relation is linear. 


15. Characteristics of the Load 





Where the servo is required to provide mechanical movenent 


the dynamic character- | 
istics cf the load, 
motor armature and 
gearing are of primary 
importance in their 
effect on the behaviour 
of the system as a 
wholes 


The 
principal effects to be 
considered are inertia 
and friction. The 
former is the chief 
limiting factor with 
respect to acceleration 
or retardation, and the 
latter dissipates energy 
and limits the speed 
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Pige 929 = Variation of frictional torque 
with shaft speed. 
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of rotation. Fig. 929 shows the variation of frictional resistance or 
torque with shaft speed. There are three chief components of the 
friction force, stiction (or static friction), coulomb friction and 
viscous friction. These are indicated at Fig. 929(b). In most an- 
alyses of servos the first two types are ignored, since they are non- 
linear and difficult to allow for. The co-efficient of viscous friction 
is sometimes called Viscosity. In practice, stiction is particularly 
important, its presence leading to jerky motion (since the stiction tor- 
que must be overcome before motion can ensue, and this involves an 
error in the input to the serve motor before sufficient torque can be 
built up). 


Various methods are used to combat stiction, one of the 
commonest being to dither the output shaft either by using an auxiliary 
motor, or by introducing a deliberate dither error into the servo 
mechanism. This keeps the shaft moving at a rapid rate about the equili- 
brium position, and provided the dither frequency is high enough (of 
the order of 10-1000 c/s, depending on the natural frequency of the 
system) the effective resistance to be overcome to cause initial motion 
is reduced from its stiction value almost to zero. The dither should 
be in a direction perpendicular to the plane of motion: e.g. a magslip 
receiver pointer (see Sec. 11) is caused to dither in the direction of 
the axis of rotation. A rod which moves in a longitudinal bearing 
might be given a rotational dither motion. Another method of counter- 
ing stiction is that of variable duration impulsing. This is similar 
to the principle of the piledriver. Stiction may be sufficient to 
prevent motion if only a steady relatively small force is applied. If 
amuch greater force is applied for short pericds, the duration of each 
impulse being variable, no matter how small the mean force applied the 
peak force may be maintained sufficiently large to make stiction unim- 
portant. The use of variable duration impulsirg is illustrated in 
Fig. 930. The momentum imparted 
to the load is proportional to the 
excess of the area below the 
impulse curve over the corres- 
ponding area below the friction 
curve. Once motion has begun it 7 imPuisive 
is the mean frictional torque of CRN TORQUE 
Fig. [50 that matters,not the 
stiction value. 


16. Servo Motors 


Many forms of DC 
or AC machines may be used in 
servo systems, besides other 
types of motors in common use, 
and a full description of then 
is impossible in this work, Fig. 930 - Use of variable duration 
A few of these will be mention- impulsing to combat stiction. 
ed with special reference to 
their servo applications. 





In general the motor is required to remain stationary (for 
a displacement-controlling-displacement servo) when some controliing 
current or voltage is zero, and to accelerate as this error quantity is 
increased, in a direction depending on the polarity (DC) or phase (AC) 
of the error. The motor may also possess additional features, such as 
automatic damping or braking devices, other than frictional resistance 


at the rotor bearings. : 


The simplest of servo motors are of the On-Off type, there 
being no variation of motor speed or torque with the amplitude of the 
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error voltage. Such motors are prone to excessive Hunting; i.e,, the 
output shaft over-runs the equilibrium or zero-error position, the drive 
to the motor is reversed, and the output shaft again over-runs in the 
opposite sense, the output thus being of an irregular, oscillatory 
nature, Alternatively there is likely to exist a substantial Dead 
Zone; i.e., the error must exceed a certain value, either positive or 
negative, before the motor is switched on. For accurate displacement + 
control servos such on-off motors are seldom desirable, and a smoothly 
variable type of control is necessary. In the analysis of such systems, 
it is generally assumed that either the output torque or the shaft speed 
of the motor is approximately proportional to the magnitude of the input 
voltage or current. Whilst it is true that many types of motor do 
behave in one of these ways, in general the relation between output and 
input is much more complicated than thise It will, however, be show 
how a DC motor,by means of a separate feedback circuit, can be made to 
conform very approximately to the Velocity Control requirement that speed 
of the output shaft is proportional to the control voltage, thereby 
simplifying design. Where it is the output torque, rather than the 
output speed, which is dependent on the magnitude of the error voltage 
or current, the term Torque Control is applied. 


DC Motors 


There are two methods of controlling a DC motor with a 
separately excited field winding. The control voltage may be applied 
either to the armature or to the field winding. The advantage of the 
former is that when there is no output required i.e., when the motor is 
at rest, no power is dissipated in the armature circuit since no current 
flows there. The disadvantage lies in providing a supply for the arma~ 
ture current with a sufficiently low output impedance. For high-powered 
motors gas-filled control valves of the thyratron type are frequently 
used, and these have other drawbacks (see Chap. 6) apart from their 
comparative fragility. Other types of current emplifiers of a non» 
electronic nature are sometimes used. One of these, used in the Ward- 
Leonard system, is described below. 


One method of controlling a DC motor by means of the field 
winding employs a reactor of large inductance in series with a bridge 
rectifier circuit feeding the armature winding. While the armature is 
stationary no armature reaction EMF is generated, and the AC armature 
supply circuit is almost purely reactive, When an error voltage 
develops a field, the armature accelerates in the direction corresponding 
to the polarity of the error, and power is drawn from the armature supply 
due to the back EMF, which makes the armature circuit partly resistive. 


In general, series or shunt field arrangenents are not 
suitable for use in servo motors, since a reversal of the armature volt- 
age does not result in a reversal of the output torque. A differential- 
field series motor may be used, with opposing field-windings switched 
either mechanically or electronically by the error signal. 


Two-Phase Induction Motor 





any types of this motor (using cup-shaped metal fotors, or 
scuirrel-cage or wound armatures) are in common use, The method of control 
normally used is to apply a constant alternating voltage to one stator 
field-winding and the error voltage, in quadrature with the constant 
voltage, to the other winding. The motor will then accelerate in one 
direction or the other according to whether the error voltage leads or 
lags in quadrature vith the constant voltage, Also, since the torque is 
proportional to the currents induced in the amature, which in turn 
depend on the magnitude of the rotating flux, the larger the error volt- 
age the greater is the outrut tor4ue, A special point in design is that 
when the error voltage is reduced to zero the motor will hunt if alloved to 
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run as a single phase motor, This may be prevented by a suitable 
choice of reactance/resistance ratio for the ermature winding. When 
properly designed, the armature acts as an eddy current brake when the 
error voltage is zero, and this feature makes the two-phase motor part- 
icularly adaptable as a servo motor. 


Induction motors used in this way are not economical except 
at low powers, and it is in small servos that they are usually to be 
found, 


Ward-Leonard System 


This high-powered type of control gear consists of a three- 
element chain of prime-mover, DC generator and variable speed motor. 
The arrangenent is illustrated in Pig. 931. The first two elements 
act as a current amplifier, since the power supplied to the variable 
speed motor depends on the current in the exciting field-winding, 
Various modifications exist 
which affect the dehaviour 
of the system, particularly CONSTANT 
in regard to the field epee enee 
winding of the generator. 
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The metadyne SuBRLY 

is a DC generator used as in 

the WardeLecward syste; for 

driving a DC servo motor. 

The characteristics of the Fig. 931 - Ward-Leomard system. 

whole system depend lergely 

on the amplification of the 

generator and its rapidity 

of response to changes in the controlling field-ourrent. By su_table 

design the metadyne can be made to produce very considerable power 

amplification, of the order 30,000 : 1, but the same elements of Jesign 

which provide high amplification limit the rapidity of response. When 

the metadyne is designed to give maximum power smplification it is 

mown as arn Amplidyne Generator. 


<{{- 


One of the characteristics of a Ward Leonard system using 
a metadyne is that a braking torque may be automatically developed when 
the speed of the output shaft of the motor load exceeis the speed 
demanded by the magnitude of the error, This is a useful anti-hunt 
feature, since the brake is applied in this case before the output over- 
shoots, i.e. before the error reaches zero. 


Speed-Control System 


Fige 932 illustrates a 

method whereby a DC motor can be waiyatae 
made to conform approximately to SUPPLY 
the speed-control type; i.¢. its DC ERROR 
output shaft speed is proportional VOLTAGE “(+) #” 
to the magnitude of the error wee 
voltage irrespective of the out- eine 
put torque, within the limits of NETWORK 
the linearity of the motor 

characteristics. 
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A small DC generator Fige 932 = Speed control system. 


is attached, or geared, to the 
output shaft. The output volt 
age from this generator is 
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proportional to shaft speed within a close degree of approximation. This 
voltage is subtracted from the error voltage in the amplifier input 
circuit and the difference is used to control the DC motor. The change 
in torque thereby produced at the output shaft is very much more rapid 
than the corresponding change in error voltage, and, provided the motor 
does not overload, the difference between the error and feedback volt- 
ages is kept very snall. Hence the error, as well as the feedback, 

is very nearly proportional to the speed of the output shaft. 


17. Performance of Servo Systems 


No standard technique has yet been adopted for measuring or 
estimating the canplete performance of a servo system, but various 
tests which can be applied will be dealt with in this section. | Possibly 
the simplest complete test which can be devised is the frequency re- 
sponse. A simple harmonic input is applied, and the amplitude and 
phase of the output are determined. The phase difference and relative 
emplitude for different frequencies may then be plotted on a harmonic 
response diagram as shown in Fig. 933. Because same elements of the 
preceding or succeeding stage of radar control systems may exhibit 
pronounced resonant properties 
it is frequently important not 
only to avoid resonances, but 
to introduce deliberately 4 
small resnonse in the servo at 
the resonant frequencies of 
the external circuits. It 
may be sufficient if the 
response to frequencies higher 
than one or two c/s falls off 
very rapidly with rising 
frequency, but this also 






INCREASING 


FREQUENCY x 


% = OUTPUT QUANTITY 


tends tc make for sluggish @) 
response to sudden changes of 64 = INPUT QUANTITY 
input. Where the input ie} 7 = MAGNIFICATION 
quantity to a servo is a = so 

io 


received radar signal, which 
is prone to certain types of 
unwanted fluctuations, a 
special frequency response 
may be required. 


A second test Q (b) 7? 
which may be applied to a 
oe caries F Fige 933 = Typical harmonic response 
quantity; (init Function). diagrams. 


If the input quantity is 


altered suddenly by unit 
amount from the equilibriun position the manmer in which the output 


approaches its new value is called the Unit Function Response. - Complete 
‘information as to the performance of the servo to any given input can 

be derived from this test; (provided the servo is.a linear system). In 
particular the rapidity of pull-in and whether it is, oscillatory or non~ 
oscillatory, and of what degree, are of considerable importance in most 
reader applications. 


Other tests aim at subjecting the servo to such input con- 
ditions as are more directly related to the actual conditions likely to 
be met with in use. ‘There is usually a maximum input velocity which 
can be expected and at this velocity of input there must not be introduced 
a velocity lag greater than the permissible error. Similarly, the 
acceleration and higher order lags must not exceed stipulated values, 
and tests may be applied to confirm this. There is liable to be a 
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standstill error if the system is insufficiently stiff. If the systen 
is too resilient, i.e., not stiff enough, extraneous torques due to 
windage, stiction etc. may introduce excessive errors. 


18. Definitions and Assumptions (Applying to a displacement~displace- 
ment servo). 


The input, output and error quantities are denoted by O; 5 
©,, and E respectively, so that E = 0;=-0,. These ere converted 
by gearing into proportionate quantities of the seme kind - i.¢., an 
angular rotation ~ so that the new quantities, @,, @, end & are 


connected with the old by the relations 


4 Go € 
ee See ee re een 
oO 5 ie eae 


(See Fige 934). 


The input and resetting elements convert ©, and ©, into 


voltages or currents which are combined in the difference element, the 
difference being amplified arid 
applied, either directly or 
through some modifying circuit, 
to the servo motor. The in- 
put to the motor is denoted by 
be assumed that the output 
terque of the motor isT,, where 
Tog 2 Ko 





The gear ratio ¢ 
is often sufficiently high to 
gaauce that tie wechani oat Fig. 934 = Simple error control. 
properties of the load may be 
neglected in comparison with 
those of the gearing and motor shaft. If this is net so the moments 
of inertia and coefficients of friction for the load may be referred to 
the output shaft of the motor according to the gear ratio and added to 
the mechanical properties of the motor. 


The resultant coefficient of viscous friction will be de- 
noted by k and the moment of inertia by J. Coulomb friction and 
atiction, time-lags and backlash will be neglected. For some purposes 
we shall assume that the output shaft is subjected to an extraneous 
torque T,, due, for example to windage or stiction. 


19. Simple Error Control 


In this case, illustrated by the circuit of Pig. 954, 
input current or voltage applied to the motor is proportional te the 
error E. 


i.¢. 0 =y€, where 7 is a constant, and 


Tos koa k, 7€ = Ky 7eE . 


ky is a constant for a given motor, but 7 depends on the amplification 
provided between the difference elenent and the motor. 
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The net terque produced at the roter shaft is therefore 
kg VE +Ts - “ae 2, and this is equal to the rate of 
change of engular monentum, J eo 


00 a700 
lee, ko7€+ Ty - k =z J “3 





iy ne Oy OL) a Fok a?09 ae , 
ieee, ky 7 (01 O)+ Ty yer es eras 


‘° 


479, 
Hence J aoe + k mot + ¥e7% = ky 1% * ee werccssecoe (1) 





Putting @, = @, ~ € , and rearranging the tems, we obtain 


2 
az¢ ac gt 3 doy 
ate +k at + ky 7e = ae + k -ae- - Ty veceeee(2) 








J 


These two linear differential equations form the basis of the analysis 
ef the system. 


Steady State Errors 


We shall assume for the moment that a steady state can 
exist in each of the forms which we are about to consider. This 
assumption presupposes the stability of the system, which will be 
discussed later. By steady state we mean here a condition in which 
the input obeys a simple law, such as a constant velocity, or constant 
acceleration, while the output follows a related law with an angular lag 
corresponding to the magnitude of the input. We shall consider the 


three conditions, 9; = constant, a constant, and ae = constant. 





Stiffness 





If @, and ©, are both constant, equation (2) gives 


~T T 
iy 7 “7 £ 


k, Y is called the Stiffness Coefficient of the servo, sinee it 


determines the magnitude of the extraneous torque which must be applied 
te the motor shaft to produce a given error £. fhe corresponding co- 
efficient for the lead, as distinct from the moter shaft, is c7k, 7 , 
sinee the torque required is inereased, and the angular error decreased, 
in the ratio e:1, 


Velocity Lag 
If the input velocity is constant, in the steady state 
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then Ky 7f=kk ~ T,, from (2); 


i. cacti Se, 
Ko Ko 7 


—E~ is called the velocity lag coefficient; (1.¢., it is the leg 


° 
per unit constant velocity). 


Acceleration leg 
2 
If oes = B 
at? 


5 
a = Be +All, aay. 


It can be shom frem equation (2) that 


J Ke k Tx 
= ace —_—entnonee mone CY - meee 
Ko? «2 Be Koy ky 


¢ 


in the steady 


state. 


cs rs is called the acceleration lag coefficient. 
k, 7 2 i 
° 

(It is immaterial whether velocity or acceleration lag coefficients are 
referred te the moter output shaft or to the load itself, since both 
errer and velocity or acceleration are similarly changed by the gear 
ratio. Also the same figure is obtained whether the lag is quoted in 
radians per radian~per-second or in degrees per degree-per~second). 





Using the notation of a subsequent paragraph, we may write 
the acceleration lag coefficient as rhe (1 - 45%), where 3 





k 


Jee yT 


In a manner similar to the above, lag ooefficients of higher 
orders may be obtained, if required. In practical applications however, 
it is usually the lower order lags which predominate, and if these are 
kept within the required minimum the totel errors remain sufficiently 
small. 


Response to Unit Function Input (T, = 0) 





‘ If @, follows the variation (a) shown in Fig. 935 the re- 
sponse of @, may be oscillatory or non-oscillatory as shown at (b) 
according to the ratios of the ce clents of the characteristic 
equation obtained by writing D for — in equation (1) and equating 
to zero the coefficient of @,. 

This gives JD? + kD + Ky ¥ = 0s 
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This may be written p° +25 0,D - w 2a O, 


where Wo, = find . » and is called the undsmped naturel angular 


frequeney; 


w 
fazses ea =i is the undamped natural frequency; 








v= k = k and is called the Damping Ratio, 
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Pig. 935 = Response of simple error control servo to 
unit-furction input. 


Alternatively, Sw, may be used as a parameter, called the Damping Factor. 
The system is undamped if 5 = 0, so that contimuous oscillations are 
present. Ifs<0 the system is unstable (impossible in this case since 
neither k nor J can be negative). If‘ = 1 the response is critically 
demped, whereas for $ >1.it is nomoscillatory. (Campare Chap. 2 Sec.10). 


it is important that a markedly oscillatery re- 
spense should be avoided, and in practice a value for 5S of about 0-6 
to 0-8 is common. This gives a slightly oscillatory response that pulls 
in more rapidly than when 6 zl. 


For a given value of 5 , the rapidity of pullin depends 
OnW ye The higher the natural frequency the more rapid is the response, 
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‘On the other hand there may be goed reasons for keepingw, low, particu- 
“larly because, as already stated, of undesirable resonances in other 
parts of the control system. 
Harmonic Response (T, = 0) 

If 0, is a simple hermonic variation of frequenay/ = Te 7 
we may obtain the response of 0, fren equation (2) using the relations 


i 
a 2 Swe, and a 2 ~w oy, 


y Ye sew - do 1-22 +jbiw 
ig ie 





2 
2 


w wf 





1- 





+ 235 


The emplitude of the response is given by 


1 





|| = 


fi 2 (23) = he (2)? epevuieddeeecrts) 


Curves are plotted in Fig. 956 fer different values of S$ , 


showing the variation of im with x, where x= “, 
On 


CO 
te 
co 
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Pige 936 ~ Harmonio response of simple error control servo. 


20. Jimitations of Simple Error Control 


Ih this form of control system there are not normally 
sufficient variables to ensure that all the requirements are fulfilled. 
For a given motor and load k, kami J are fixed (apart from minor 
changes which depend on the gearifig) so that c and 7 are the only 
variable parameters. It is normal to choose ¢ so that the motor can 
handle the maximm speed of rotation (slewing speed) without over- 
loading during periods of high acceleration. The other requirements 
all involve 7 and are frequently mrtually conflicting. How this 
works out in practice is described in the following example, taken 


from a radar servo providing auto~follow in bearing. 
The servo motor is a 5 HP motor with a maximum speed of 


2500 LePeMe 
The maximum speed required is 10°/sec. at the load. 
Hence c is made equal to 


60 3 360 
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4t this speed the output torque is given by 
To=#- 550 = 250.2% 2 33 ay.se, 
60 10% 
Henee k, the coefficient of viscous friction must not be greater than 
3 s 290.27 . _ 99 
10% . 60 2500 Tr 
=== 0°00 lbs.ft/rad/sec. 


The inertia of the rotor is 0°003 slug fte (1 slug = 
32 les. mass). 


The maximan permissible error is ¥ of a degree at the 
maximum speed, so that the velocity lag coefficient must not be greater 
than 


eye 


= 10 4 Ysec. 
Hence, using the formula of Sec. 19, we obtain 
7®o > 3Ok. 


For optimum damping take $ = 0-6, 80 that 


k 
Fe 06 SE YT - 


° 





2 
Hence 7r* = k e 
pO dete 


Combining these last two results, we have 


a 
Tas 7 


ieee e> 30. Ll°had . 
Putting J = 0-003, this becomes 
k > 0°1296. 


This conclusion contradicts the earlier one that k must be 
less than 0°004. 


The damping requirement could not be satisfied unless the 
+ HP motor were replaced by a much larger one, about 14 HP being required. 


‘Further Limitations arise since the velocity lag require- 
ments confliot with the desirability of keeping f n mall. 


Since 7 ky > 30k , it follows that {n> oe / & 


and taking k as 0-004 this makes {x >0-9. (faking k as 0-1296 makes 
matters far worse). 
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21. Phe Use of Derivative and Integrated Errer Control 


To overcome the limitations of simple error control addition- 
al terms proportional to various derivatives or time-integrated 
functions of the error or of the input and output quantities are 
included in the quantity controlling the motor. These functions may 
be obtained before or after the difference element; for instance, 
instead of @, being fed to the difference element directly, it may 


pars through various devices so that the difference element input is 


0, +a Se ‘ Bf 0 a, 


or some similar function. We shall use the notation f(D) to indicate 
these additional terms, where D = $i f(D) may include both 


differential and integral forms. 


The inputs to the difference element then become 
O, + f4(D)o, and 0, + fo(D)ey, 20 that T, ox fo, + £(D) - 0, ~ £4(D)0,)- 


Fige 937 _ 
illustrates the method. 


(The output 
frem the difference 
element may also be 
sub jected to further 8 , 

4 ‘ot fol) 
differentiation or BOTH INPUT ANDO eno 


integration, so that ELEMENTS CONTAIN DIFFERENTIATING 
OR INTERGRATING CIRCUITS. 






Fig. 937 - Use of derivative or 
integrated error control. 


=. oc 1+ f-D} f 0, + f4(D) 04 - 6, -fo(D)o, } 


but for simplicity we have assumed that f¢(D) = 0.) 
The differential equation of the system then becomes 


Kah Oy - 85 + fy (D) Oy ~ £9(0)0,} +T = DO, + ID? O 5 f(D), 


if we apply the same notation to the load function. 
Hence we obtain, 


ky 7 (1 + £6(0)) + t/(0)} @ = re 7{ 1+ £1()} 1 +Txx voeseoee (4) 


and 
ky 7 (1+ £,(0)) + t7(0) je x, am f(D) - £,(0)+ £,(0)} @,-T,, --(5) 
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By a suitable choice of f, (D) the characteristic equation, 
obtained by equating to zero the coefficient of @, in equation (4), 
may be adjusted in any desired manner without affecting the mechanical 
constants k and J. When thie has been done the function f,(D) may be 


chosen to bring velocity and acceleration lags down to the required 


It may be useful to regard the coefficient of D in iy 7 f(D) 
as constituting “artificlal viscosity", since it becomes added to k in 
the coefficient of G5 This coefficient of D may be either positive 
or negative, so that the affect of "Negative viscosity" can be obtained. 
Similarly the coefficient of D2 in k, 7 fo(P) may be regarded as 


"artificial inertia". By the introduction of these and similar 
quantities the various requireanents which were found to be mutually 
inoempatible in the single system of Sec. 19 may frequently be satisfied. 


There are practical reasons for avoiding the usé of differ- 
entiating circuits in the input te the serve. Particularly in radar 
aute-follow systems the input signals are liable to be jerky, so that 
differentiation accentuates the irregularities, Either different~ 
dation ef the output or integration is generally to be preferred, 
The latter inevitably involves a time lag but in practice this can 
often be made negligible. 


In the case of Integrated Errer Control £,(D) = f(D) = = ¥ 
say, Where ais a constant. 
We obtain from (5) 


bx, (ie) £,(0) Je= % (0) o =T,.- 
This may be written 


f ah 7D + D ty (0)\Eu De, (0) 0 ~ BT, 
7 2, ate a?Os gtx, 


at? at? at 





If 0, andT, are both constant and the servo is stable, € 
is zere in the steady state. This also follows when = {0,) is 


censtant; i.e., the velocity lag is reduced to zero. With this form 
of contrel no matter how small the error, the output torque will event~ 
ually build up (within the limits of the motor's output power) until 
the extraneous torque ia exceeded and the errer reduced, 


These effects can be produced by suitable arrangement of 
electrical integrating or differentiating circuits such as those 
described in Chap. 2 Sec. 17. 


Although such techniques as these allow for great flex- 
ibility of serve design, they operate under the assumption that the 
emplifiers, motors etc., anployed in the serve remain linear under the. 
conditions imposed by the choice of circuit compenents, This assunp- 
tion is justified provided output torques and speeds remain well below 
the maximun for the motor, end provided amplifiers are not overloaded. 
In practice, these assumptions frequently do not apply, particularly 
when the system is used for slewing (turning at high speed). 


Soe 
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22. Speed Contrel (First Order Servo) 
If in equation (3) of Sec, 21 we substitute f, (D) = aD 
and f,(D) © 0, we have 





a 20, 
Kk, 7% + a mayo + KX met ae Ke 7% +T x 


IgnoringT | and choosing a sufficiently large so ;that 














= >> Bie = oo Eee neoens 
ade, 
@, + at ae @, SOHSHHSSORSEOHOSHOEHESO HESS E SEE HEE SED (6) 


Substituting @, = 0, ~ € we have 


Sa ewe cer eee eee Hes ees eesresees (7) 
. 


Cratos Si 
dt at 


This approximation will be justified in the majority of 
eases, exeeptiens being for inputs of the unit-function type, which are 
nermally met in initial oonditions enly. 

For such a servo the velocity lag coefficient is a, obtained 


by putting Se = © in equation (7). 


The harwonic response is obtained by putting 


990 = jw0, so theto, = —h— , 





1+ ajw 
9 i 
Then |mj “GS z eeceeesecoee (8) 
|@4, VV 1 + awe 


It is clear that a rapid falling off in response with in- 
ereasing frequenay is obtained by meking a large, i.e, at the expense 
of velocity lag. 

The abeve equations are the same as those obtained if 
simple errer contrel is employed with a motor whose speed, independent 
ef output terque, is preportional to the error; 


for in this case, 


ato o (0 ~ 0,) = 4 (0, ~ @)s say, 


giving the seme result as that of equation (6). 


23 Second Order Servo with Zero Velocity Lag 
If f, and f, in equatien (4) are suitably chesen the 


833 
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equatien (if T _ is ignered) reduces to :~ 


2 
a € at 2 8705, SOO COBO ECD 
re + 250, ers + We = a2 eee ° (9) 


where 6 and (Oo, may be chosen without restriction, Comparing this 
equation with (2), we see that the term in = has been eliminated; 


this reduees the velocity lag te sere. Other modifications to the 
response ef the serve due te the disappearances of this term may be seen 
by comparing the respense to unit~function input (Fig. 955) and the 
harmonic response (Pig. 939) with those ef the simple errar contrel 
serve (Pig. 935 end 936). The pull~in is much more rapid and fer 
damping greater than or equal te eritioal (¢ 2 1) there isa 


: ‘Soecheasn ee 
eA 
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Fig. 938 = Re. e of second ordex servo (zero velocity 
tes) to unit-function input. 


single oversheot instead of a gradual rise as in the former case. Howe 
ever, for the seme values of, and ¢ the rate at which the harmonie 


response falls off with rising frequency is greatly redueed. The 


acceleration lag coefficient is given by + cempared with 
WOH 


2 s (1-457) fer’ the simple error control servo. We shall compare 


2 


the performmanee of this second order servo having zere velocity lag with 
that of a first order serve under the follewing conditions :~ 
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Fig. 939 = Harmonic response of second order servp 
(zero velocity lag). 


(4) Maximum angular velocity of the input = 10°/sec. 
(44) Maximun angular acceleration of the input = 1°/sece” 


(444) At 2 o/s the response must fall to 0-4 of its value 
at f- 0. 


For the first order servo, putting We 20 f= 4h when 
f= 2 c/s,and im = 0°h in equation by, we wbtain 


wt / 2 te 1, 
RT - 4 


Sinee the velocity lag coefficient is a, the maximum 
welocity lag is 


10. i — a 8°. 
12 e 


Yor this servo acceleration lag may be neglected. 
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The acceleration lag coefficient for the second order servo 
is 2 3 hence, with the same permissible error, we obtain 








we * 

1 10 

leorte 

. 9 12 

On 
so thatw s/ 1-2 == lel, 
Hence, at 2 c/s, ff « WW . _2°27 

a On del 


om 12. 


e 


Fige939 does not permit of extrapolation to thie extent, 


but calculation gives the result that for = es 12 andim = O°k, 
n 





Sone 
Both servos then satisfy the given conditions. They may 
now be compare: for pullin time in response to unit-function input. 


For the first order servo tie tims which elapses before the 
error is reduced to 10% of the input is given by 


Rone, 
0-4 343 


1 
12.0°4343 


o 
= 


~ O72 sease 


For ‘tke second order servo the time which elapses before the 
errer is zero (there is a subsequent overshoot) may be shown to be 


given by 
lo2 
oes ~a)e =2¢67-1+29/¢7~1 ; (providedS >1). 


Putting © = 2-6, we may deduce that 


g 2: 2at = 25 
1 
or t= Rg 1086 25 


= O67 secs. 
It is possible to reduce the time to the first sero by 


choosing a smaller value of $ , and this permits of a lerger value of 
If we make G = 1 condition (444) is satiafied provided 


We 

n 
£2 5, so thetwo,s AR, 
fn 5 


Su 
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Taking the maximum value of Ww ne substitute this walue 


in the abscissa of the appropriate curve in Fig. 938 at the point 
where % = 1, 


i.e. W yt = 1 


80 that tex Sop == Ord secs, 
at ° 


Any further decrease in O leads to excessive overshoots 
se that the time to the first zero errer is not an adequate criterion. 


In general the second order servo is to be preferred 
because of the smaller lags which may be obtained for a given frequency 
band-width, although where rapidity of pull-in is of primary importance 
the first order serve may be better. However, it is not possible to 
satisfy condition (iii) with the first order servo and at the same time 
reduce the angular lag to much less than one degree (in the instance 
considered), and this limitation may be prohibitive. 
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CHAPTER 20 


POWER SUPPLIES 


1. INTRODUCTION 


Twe main sources of power are generally required for operating 
thermionic valve circuits. They are (i) Cathode heating power, and 
ti Anode power. Biasing voltages are usually obteined either from 

ii) or from a separate circuit similar to the one used for (ii). 


(4) Cathode heaving power 


In radar cirouits the oathode power is almost always 
derived from small heater windings en the input, power 
transformers. It could also be provided by separate AC or 
DC generators, er by storage batteries, 


(ii) Anode power 
This may be supplied by 


(a) Rectifier-filter circuits, operating from external mains 
or from motor alternators. 


(b) DC generators. 


(¢) Vibrater packs operating frem low tension storage 
batteries. 


(a4) High tension batteries. 


(c) and (a) are normally used only for very low power purposes 
and have little application in Radar equipments save in small 
short-range portable sets or test equipment. For radar purposes 
(a) is nearly always used. 


The first few sections of the chapter deal briefly with rectifier- 
filter cireuits. <A fuller account is given in Admiralty Handbook of 
Wireless Telegraphy Vol. II. Sec. H, and other standard works. 


RECTIFIER CIRCUITS 


2. General 


Either high-vacuum tubes or hot-cathode meroury vapour rectifiers 
may be employed. Mercury are rectifiers are sometimes used where very 
heavy DC ioads are taken, while copper-oxide rectifiers also have a 
limited application for small DC loads. 


One of the chief advantages of the hard valve is that it can be 
built te withstand very high peak inverse voltages, yet still provide an 
anode current which is adequate for most purposes. The gas-filled valve, 
although more efficient and supplying greater currents than a hard valve 
of similer size, must not be subjected to large inverse voltages; other 
safeguards also are necessary, which make their use troublesome (see 


Chapter 6,Secs 37). 


3. Single-phase circusts 


A simple diode half-wave rectifier operating from a single-phase 
supply is shown in Fig .90(a) 4 Since the current i can flow only 
during alternate half-cyales, in the direction shom, the output. voltage vo 
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developed across the load is far from constant unless adequate smoothing 
is provided, The available DC power output is correspondingly low. 
Also, since current flows only in one direction through the secondary of 
the transformer, the core is permanently magnetised, end is thus more 
readily saturated. This circouit is seldom used except for high-voltage 


Vo 


ONE PERIOD—»! 


AC 3 
INPUT 
(a) 


Fige 940- Single-phase 
supply circuits. 
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VOLTAGE OOUBLER 


low-current supplies such as are required for a cathgie ray tube. 


The most ususl type of rectifier cirevit is shown in Fig. 940{b) 
employing a centre~tapped secondary winding and either a double diode 
or two single diodes to give full-wave rectification. The ripple is 
at twice the input frequency, but the peak value of the output voltage 
Vo is only one half that obtained from a half-wave rectifier using the 
seme transformer. vo is, however, more constant and easier to filter, 
and since 4, and ig flow in opposite directions through the transformer 
secondary, no permanent core, magnetisation results. 


A bridge full-wave rectifier is show in Fig.940(c) . This 
gives the same peak value of v, for a given transformer as in (b), but 
four separate diodes are needed. Since the cathodesof these diodes are 
at greatly differing steady voltage levels, at least three separate 
heater supplies are necessary. This system is therefore most usuadly 
found in comparatively low-power circuits using four copper-oxide 
rectifiers instead of diodes. 


Other circuits, such as the voltage doubler of Fig. 340(d), are 
sometimes used for special purposes. So long as only a amali toad 
current is taken the voltage doubler gives a peak output voltage which 
is epproximately twice that of the half-wave rectifier using the same 
transformer. Because of the large output impedence and hich degree 
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' of smoothing necessary its chief use is for supplying power to cathode ray 
tubes, or other high resistance loads, where long time-constant R-C 
filters are practicable. 


4 Polyphase Girouste 
As an example of the advantages and disadvantages of polyphase 
circuits, three-phase supplies will be discussed. 


Of the enormous number of possible three-phase circuits only a few 
are commonly used, the three most important being show in Figi9)1. 
A three-phase half-wave rectifier circuit is:showm at (a) , in which each 
leg of the three~phase transformer acts in the same way as the single 
secondary shown in Fig. 940a) . The ripple frequency is thus three 
times that of the input, and its auplitude is much less than in the 
single~phase case, so that filtering is simpler. A three-phase trans- 
former is used instead of three single-phase transformers in order to 
avoid DC saturation, following permanent magnetisation of the cores, 
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Pige 941.- Three-phase rectifier circuits 


The three-phase half~wave double-Y rectifier circuit show at (b) 
consists of two circuits of the type shown at (aj connected in parallel 
with the load jin such a way that when the output voltage of one three- 
phese unit is a maximm, that of the other is a minimam The amplitude 
of the ripple is smaller than that for the circuit of Mg. 941(8) and 
its frequency is six times that of the input. The balance coil which 
connects the two units in effect enables each to operate independently 
of the other, so that one valve of each unit can conduct simultaneously. 
With a resistive load and no soothing, two valves are then conducting 
all the time so that each valve supplies current for one-third of the 
operating time. Without the balance coil each valve would cease to 
conduct when its individual supply voltage fell below the level Vi, and 
would therefore supply current for only one-sixth of the operating time. 
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Fig. 941(c) shows a three~phase full-wave rectifier circuit in 
which each leg of the transformer secondary acts in the same way as the 
transformer secondary of Fig. 940(b), The output is the seme as that 
obtained from the circuit of Fig. 941(b), but the transformer used is 
of simpler construction and‘no balance coil is necessary. The dis- 
advantage is thet four separate heater windings are needed on the file- 
ment transformer. 


In general, the chief advantage of polyphase circuits is their 
superior output waveform, avoiding the use of intricate or bulky filter 
circuits. The main disadvantages are the more complex transfomer 
systems and the large number of valves required. 


FILTER CIRCUITS 


5e General 


The two principal types of filter circuit which will be con~ 
sidered dre the series choke input filter and the shunt c.idenser input 
filter. C-R filters will be dealt with very bricfly. 


"6. Series-ohoke input filter, (Pig.91.2(a) 


The alternating component of the output voltage from the 
rectifier is developed chiefly across ly, whereas almost all of the 
steady voltage component is developed across (). Further snoothing is 
provided by lo and C2. 

Phe main disadvantage of 

this method is that the VOLTAGE 

output voltage is 
considerably smaller than oe 
the peak input to the (2) prom 
filter, due to the volt- RccririeR We Se 
age drop across Lj. 

The advantages are that 

the output voltage is 

steady,, substantially CBP ae 
independent of load recrieier Vi mga ©! 
current, and that the 

peak current supplied by 

the rectifier is not 

very large. (¢) FROM 


RECTIFIER Vj mS 





This type of 
filter is therefore most 
commonly used where geod 
regulation is necessary 
because of varying load, Fig. 942- Filter circuits, 
end where a very high 
voltage is not needed. 


7. Shunt-Condenser Input Filter (Fig.942(b}) 
_ In this type of filter the input condenser 0; (because of its 

. low impedance), charges very rapidly almost to the full peak voltage of 
the rectifier supply. This condenser voltage is very susceptible to . 

‘ changes in loading, however much smoothing is provided by L and O. 
If Re is substantially reduced the magnitude of the ripple across oy 
increases considerably, end the final voltage delivered to the load is 
much lower. In addition, the peak current supplied by the rectifier is 
much lerger than in the oirouit of Fig. %2(a) 90 that a larger rectify- 
ing valve is needed, ; 
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In three~phase circuits the main advantage of the shunt-condenser 
input filter is net nearly so pronounced because of the maller ripple 
voltage, so that the choke input is much more largely used in polyphase 
circuits. In single«phase circuits the shunt-condenser input is more 
camon, and if better regulation is required, some stabilising or 
regulating device is incorporated. 


8. CR Pilter (Fig. 942(c)) 


Where the load impedance is very high, of the order of megohms, 
it becomes practicable to use C-R rather than L-C snoothing circuits, 
sinoe the power dissipated in R (Fig. 9,2(c) ) can be made negligible. 
The behaviour of this circuit is similer to that of the condenser- 
input filter described above, and it suffers from the same disadvantages. 
The amount of smoothing provided depends on the time constant CR, so 
that R should be chosen as large as possible without causing too severe 
a drop in output voltage. 


SLPABILISING OR REGULATING CIRCUITS 
9+ Requirementa~ 


Radar circuits frequently require that one or more of the 
following conditions is maintained. 





(i) The load voltage (or current) must be substantially 
independent of the fluctuations in amplitude of the 


generator supply. 


(ii) Whe load voltage (or current) must be substantially 
independent of variations in load impedance, 


Of these, voltage regulation is the more common requirement; 
and, since current regulation is usually limited to high power filament 
supplies and is provided by patent regulated transformer devices, it will 
be dealt with only very briefly. 


Most generators are fitted with some form of electro-mechanical 
voltage regulator, of the make~and=break contact or carbon-pile types, and 
no treatment of these is given here. We are concerned mainly, with 
regulating devices which receive their input from a DO supply source 
and provide a DC output to the load, The behaviour of these devices 
is considered with regard to variations in (i) supply and (ii) loading. 


Either neon stabilisers or hard-valve circuits may be used, 
The neon valve possesses both characteristics required for (i) and (ii), 
nemely an inherent “reference voltage" to which the load voltage is 
stabilised, and a low Differential Output Resistance (i.e., the change 
ih voltage for unit change in current) for voltages above this value. 
Hard-valve stabilisers are essentially servo systems, (Chapter 19), in 
which the low differential resistance is provided by direct’ voltage 
feedback, There must be a reference voltage with which to chmpare 
the load voltage, and either a battery or a neon valve is usable, the 
latter being more common. 


Instead of a valve being used a non-thermionic stabiliser may 
be employed. ‘Examples of this are given in the thermistor circuits 
described below. 


10. Neon Valve Stabilisers 

The neon-valve-resistance combination shown in Fig. 943(a) is 
the simplest form of voltage stabiliser. Various loadlines are shown 
at (b), superimposed on the neon valve current-voltage characteristics, 
for different values of resistance and supply voltage, The anode 
voltage remains at the extinction voltage Vz provided: - 
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I VALVE FAILS TO STRIKE 
Vi < Vs) 





©) - Es 
7: Fig. 943- Neon valve- 
@) resistor stabilising 
circuits, 


Yi 4 STEADY 
| VOLTAGES 





(¢) (4) 


(i) The supply voltage is sufficiently high to cause the valve 
to strike, and 


(ii) The load resistance is sufficiently small so that the valve 
current is not reduced below its extinction value (Ig). 
If this happens the valve ceases to conduct, the anode 
voltage rises to the striking value, at which the valve 
reconducts, and the familiar "flashing" of the neon valve 
occurs. Under these conditions the output voltage is 
anything but constant. 


For a given load Ry and supply voltage Vi there are limits between 
which R, must lie in order to satisfy both of these requirements. A 
substantial change in either Rf or Vj may mean that one of the require- 
ments is no longer fulfilled and the valve ceases to stabilise. 


Within the working range determined by the chosen value of Ry, 
the neon valve satisfies both of the fundamental requirements of Sec. 9, 
but the range of operation is restricted by the invariability of the 
striking and extinction voltages. 


For supplies of several hundreds of volts three or four neon 
valves may be used in series. To prevent instability due to one or more 
of the valves flashing, it is usual to shunt each valve with an extra 
resistance as shown at (c). 


As was shown in the case of the resistive anode load Rj, the 
neon valve ceases to stabilise if B, is greater than or less than certain 
limiting values. If R,.is replaced by another neon valve or by a neon 
valve in series with R,, there is no longer any limit to the magnitude 
of the anode load, and continuous relaxation oscillations can arise 
between the two valves, If a suitable resistance is shunted across 
each of the valves it will act like the load resistance Ry of 
Fig, 943(a) and will also ensure that the other neons are not extin- 
guished, 
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Instead of several valves in series, a stabilivolt, or multi- 
electrode neon, may be used, This contains, besides the anode and 
cold cathode, several (usually three) intermediate gridded electrodes, 
as shown et {d). ‘The whole envelope is filled with neon ges at low 
pressure, and the effect is similar to that of heaving four seperate neon 
valves in series, with the difference that the gas in all fou sections 
must ionise (and de-ionise) at the same time, ‘The stabilivolt is 
generally made with all five electrodes brought out as terminals so that 
the intermediate values, as well as the full output, can be used. As 
in the case of separate neon valves,each unused electrode should be 
connected to earth t.rough a suitable resistance. 


11, Thersistor isers 


The chracteristics of thermistors are described in Chapter 6 
Sec. 45, and Fig. 320(c) shows a typical current-voltage characteristic 
for one of these.elements. Over a wide range of values of current the 
aifferentisl resistance is negative. If we connect in series with 
such a quasi-conductor a positive resistance equal to the negative 
differential resistance of the thermistor the voltage drop across the 
two is approximately constant; this is illustrated in Fig ~944(a). 


Such an arrange- 
ment is usable in much v 
the same way as a neon P 
valve to stabilise a- 
load voltage, as indicated 
at (b) . - Although the 
regulation 1s not nearly 
so good, in the simple (@) 
circuit, as that provided 
by a neon valve, the 
element is much more ro= { { TEMPERATURE 
bust, and is not affected, OD as %H % TOP NTSTORS Uo COMPENSATED 
as is the valve, by | | | 
limitations of striking (2) () 
and extinction voltages, 
Furthermore, by the use 
of more complicated bridge 
circuits, it is possible 
to reduce the load volt-e 
age variations to one 
part in a thousand over 
a wide range of load 


RESISTOR AND THERMISTOR 
IN SERIES 


“ 








77S RESISTOR ONLY 


THERMISTOR ONLY 





currents. 
Thermistors are : 2 4 é 8 10 mA 
affected by changes in (d) 


ambient temperature, but 

it is possible to 

compensate for this « 

either by the use of Pie. dine errs, a etene teins 
thermostats or by employ- 

ing additional elements 

with different tenperature 

characteristics. Such a circuit is shown at (o) , and the resultant 
stabilisation is illustrated by the two curves of Fig. 944(d) , the 
voitage remaining between these values for all ambient temperatures 
between 60° and 110°F, 


12, Hard-Valve Stabilisers 


If a suitable constent reference voltage V, is available, with 
which the output voltage can be compared, hard-valve circuits provide a 
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means whereby the load voltage can be maintained at.a given multiple or 
fraction of Vg. This is a definite advantage over the simple neon-valve 
circuit, where the output voltage is pre-determined at the extinction 
value, or over the stabilivolt, where there are only four“spot" yalues 
from which to choose. . 


The fundamental 
servo circuit for main- 
taining a constant load 
voltage is show in (8) 
schematic form in Fig. 
945(a). This cirouit is 
readily adaptable to the 
stabilisation of load 
current, as illustrated 
at (b). If the voltage (6) 
across a small (constant- 
valued) resistor in é 
series with the load is BALLAST 





VARIABLE 











maintained at a fixed sel] 
= 2 bene t DIFFERENCE mes 
iseaneay dee see peel 
r) 
constant. 
(d) 


(c) 
In most cases 


the difference amplifier Pig.945.- Hard-valve stabilisers; 

and the variable schemtic arrangements, 

ballast resistance are 

thermionic devices, and the constant voltage is supplied by a neon valve 
fed from the variable supply. If the load voltage is greater than Vo, 
& reversal of the input, networks to the difference amplifier, as shown at 
(c) , will meet the case. By this means the neon may be replaced by a 
enall constant-voltage battery. 


An alternative arrangement to that shom at (a) is illustrated 
at (d} . Here the ballast resistance is jn perallel with the load, 
its magnitude being controlled by the difference saplifier, as before. 
This method is less economical than the former, the seme power being 
taken from the supply for ell values of load, 


An arrangement corresponding to the schanatic circuit ef 
Fig. 945(a) is shom in Mig. 946(a) . ‘Two triodes, valves 1 and 2, 
fulfis the functions of difference amplifier and ballast resistence, 
respectively. 


If the load voltage tends to rise, due either to a change in load 
resistance, or to an increase in supply voltage, the grid potential of 
valve 1 rises and its anode potential falls. This reduces the current 
in valve 2, thus increasing its resistance and causing a fall in the - 
load voltage which partially offsets the initial rise. 


An improvement may be effected by using a pentode in place of 
the triode as valve 1, the screen supply being taken from the input aide 
of valve 2,. A rise in input voltage increases the current in valve 1 
and lowers the anode voltage as before, providing an additional : 
stabilising effect. An additional advantage is the higher amplification 
provided by the pentode. The sensitivity of the stabiliser may be 
controlled by the insertion of a variable feedback resistor in the 
cathode load of valve 1. The larger this resistance is made without 
causing valve'l to work on- the curved portion of its characteristics the 
less sensitive is the regulation, but the larger is the range of voltage 

fluctuations over which the regulator will operate. 
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It is possible to dis- 
pense with the difference 
amaplifier, but enly at the, 
expense of efficient regulation. 
The cathede follower circuit 
of Fig. 946(p} doea this, and 
combines a fair degree of 
stabilisation with econony of 
material, A similar economy 
is provided by the direct volt- 
age feedback circuit shom at 

(c}. These circuit: corres- 
pond to those of Fig. 945(a) 
and (c} respectively. 


More elaborate, and 
more effective, circuits are 
illustrated by Figs, 946(a) 
and (eo). At (d}the current 
through Ri .is goyerned by the 
control grid potential of 
valve 1, at which the full 
variations of the load volt~ 
age appear. These are off- 
set by the corresponding 
variations of the resistance 
of valve 2. The screen volt- 
age of valve 1 may be assumed 
to have little regulating 
effect. 





Pig. 946.7 Hard-valve stabilisers: 
By moving the slider ecirouit diagrams, 
of Rs the constant output volt- 
age may be varied within wide 
lists (raising the slider 
lowers the output voltage). 


If extra resistors R, and R5 are added as at (e) , the output 
impedance of the regulator may be reduced to zero, or even made negative, 
so thet an increase in load current causes an increase in load voltage. 
It can be show that provided the current taken by the shunt valve 
circuits is small compared with the load current, this output resistance 
is approximately equal ta ae z 5 R4 , where k is the attenuation, 


defined as the ratio of the input voltage variation to the output voltage 
variation. This attenuation is given approximately by 


k =  10n2p-RiRe 
RQ + B 


assuming valve 1 is a high gain pentode, 


By a suitable choice of valves and canponents k can be made of the order 
of a million. . 


In practice, in each of the circuits of Fig .946 , it may be 
necessary to use several valves in parallel in place of valve 2’to carry 
the full load current. 


REGULATED TRANSFORMERS AND AC STABILISATION 


13. General 
Where the stabilised output required is an alternating one, the 
circuits described in Secs. 9 to 12 are inapplicable and some other 
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device of the type described below must be employed. These devices are 
usually reliable and simple to operate but are not so adaptable as the 
thermionic ones, Their use of saturable iron cores gives rise to power- 
ful extraneous magnetic fields; the power factor of the supply may be 
poor and the output waveform far from sinusoidal. These defects may be 
minimised by suitable screening, power~factor—correcting and filter, 
circuits, but only with considerable increase in bulk, weight and cost. 
The frequency range over which these devices are effective is often very 
limited, They are not suitable for use with rectifier circuits for 
stabilising DC output because good regulation against input voltage 
fluctuations and against variations in loading cammot be successfully 
accomplished by the same regulating transformer. 


14. Alternating Current Regulator 


The essential circuit is shown in schematic form in Pig. 947. 
This is a simple servo in which the motor or other device moves the input 
tap of the regulating transformer so as to maintain the current in the 
secondary circuit at some constant 
level. This level may, for 
example, be fixed as the current 
necessary to close or open a OTHER DEVICE 
spring contact which forms the 
difference element of the servo. 
It is usually an on-off switch, 
the control circuit when 
switched on driving the motor 
until the contact ceases to 
operate. 





CURRENT 
REGULATED 
OUTPUT 


In practice, the "motor Fig. 947- Current stabilisers, 
or other device" may be a 
highly complicated system, 


depending upon the exact use 
to which the transformer is 


to be put. 
15e Alternating Voltage Regulator: Motor Circuit 
In this circuit, shown LINE TRANSFORMER 





schematically in Pig. 948 
the servo motor drives a tap 
on a large choke which shunte 
the AC input terminalis. 
Between this tap and a fixed 
centre-tap is connected the 
primary of a transformer, 

the secondary of which is in 
series with the output line. 
This choke acts as an auto- S 

transformer, reinforcing or FIELD winping” MOTOR 

reducing the output voltage ee eS 
according to the position of 

the varisble tap, above or Pig.948 - Motor regulator, 
below the centre tap. 


Vo 


CONTROL 
GENERATOR 





VOLTMETER: 


: The AC servo motor 
may be driven by the field supplied by one of two control windings as 
shown. An AC voltmeter acts as difference element, and the servo is 
of the on-off type, the motor runming at full speed in one direction or 
the other, according to which of the two contacts is closed by the needle 
of the voltmeter. For smoother regulation multi-~spring type contacts 
may be used, making the current in the control winding more sncothly 


variable, 
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16. Alternating Voltage Regulator: Saturable Reactor Circuit 


Instead of the line transformer of Fig. 948 , a saturable re- 
actor may be used, avoiding the relatively complicated motor circuit. 
The voltmeter difference element is replaced ty a difference transformer 
circuit using a thermistor, for 
producing a constant reference 
voltage from the variable supply. rene De AMPLE eee 

The pircuit is shom in 


oc 
schematic form in Fig. 949 


The reactor consists of a small C000 

laminated tron core on which y, “REACTOR te 
are wound two coils, the line | 

and saturating windangs. The 

more direct current there is 

supplied to the latter, the 

more the core tends to saturate 
and the lower the impedance of Pig.949.- Saturable reactor 
the line winding. It is on regulator. 

this variation in output ; 

impedance that the regulation 

of the transformer depends. 






PMISTOR: 
M==:: ce 
Ac [ELEMENT 
REFERENCE 
PHASE 


The thermistor difference element is connected across the output 
terminals and the magnitude and phase of its output is indicative of the 
amount by which the line voltage is too high or too low (the ‘error"), 
This is rectified in a phase discriminating circuit (see Chapter 19 
Sec, 14) so that the direct output current depends in magnitude and 
direction on the size and sense of the error. This current is applied 


+o the saturating winding of the reactor. 


There are several 


disadvantages in this 
elementary cirouit, not- | U% 
ably the loss in output g 


power due to the absorp- 
tion in the reactor, 
and the variable power 








STANDARO 
PHASE 


factor of the output SUPPLY 
supply. These may be INPHASE : 
minimised either by using Not me 





a seperate supply for the REACTOR 
reactor, the output from 

which is added to the Pig.950.- Alternative circuit using 
line by a transformer in saturable reactor. 
pereliel with the line, 
or else by including the 
saturable reactor in the 
field circuit of the 
alternator jnstead of in 
its output line. The 
former method is indicated in Fig, 950 . ‘The latter is outside the scope 
of this chapter since it depends targely on the type of alternator field 
system used, and on other factors peculiar to the generator itself. 


The reactor-thermistor arrangements are applicable over a wide 
frequency range and are thus usable where motor=cirouilts are inefficient. 
The reactor introduces a certein. unavoidable amount of waveform distortion, 
but not usually to the extent of affecting the equipment used in radar. 


17. AUTOMATIC POTENTIOMETER (HLEOTRONIC POTENTIOMETER) HARTHING CIRQUIT.. 


In some radar equipments it is necessary to use a power supply 
which is not connected to earth at either the negative or the positive 
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line or "rail", 


to earth some point on this 
potentiometer. Provided the 
resistances between this point 

and the positive and negative lines 
remain constant and the supply 
voltage in unchanged, the lines 
remain at fixed potentials. If, 
however, leakage develops between 
either the positive or the 
negative supply line and earth, 

the resistance between this line 
and earth is reduced and the 
potential levels are upset; 

(Fig. 951 ). ‘This is quite 
likely to occur with high volt- 
age supplies. 


Generally, in such a case, it is sufficient to connect 
a potentiometer across the supply and 





LEAKAGE TO 
EARTH 





Pig, 951.- Direct earthing of 
the supply. 


The effect may be minimised by making the resistance of 


the potentiameter as small as possible, but heat losses limit the 
practicability of this method, What is required is a device for main~ 
taining the chosen point on the potentiometer sufficiently close to earth 


potential without actually connecting it to earth, 


The leakage currents 


which flow from the positive or negative lines to earth do not then flow 
through the potentiometer, and the resistances of the two portions, and 
therefore the potentials of the supply lines, remain constant. 


A device for producing the 
desired effect is the Automatic 
Potentiometer Circuit, or Ellect~ 
ronic Potentiometer. A simple 
fom of this circuit is showm 
in Fig.952 . <A cathode follower 
circuit is connected across the 
supply. Its control grid is 
connected to the required point 
on the potentiometer and the 
eathode is connected to earth, 
Lerge leakage currents may flow 
from either of the HT lines to 
earth without seriously affecting 
the action of the cathode 
follower, the grid-cathode 


voltage of which remains substantially constant. 


HIGH 
RESISTANCE 
POTENTIOMETER 






CATHODE 
FOLLOWER 


Pig, 952,=- Use of cathode 
follower, 


Hence the supply lines 


remain at reasonably constant potential levels with respect to earth. 


If the cathode load resistor is connected to earth at a point a 


few volts below the cathode the grid 
potential can be brought nearer to 
earth without the danger of grid 
current flowing and introducing a 
form of leakage which would produce 
the very effect which it is the 
object of the circuit to avoid, 


An improvement in the 
simple arrangement can be affected 
by the substitution of a constant- 
current device for the cathode 
load resistor. Provided the 
cathode follower valve is a pentode, 
as shown in Fig .953 , variations of 
valve current with grid~cathode 
voltage are relatively independent 
of anode-cathode voltage. Hence, 
if the load is truly a constant- 
current. device no variation in grid 


© HT+ 


CONSTANT 
VOLTAGE 






CONSTANT CURRENT 
DEVICE 


= HT- 


Fig. 953.- Use of constant 
cufrent load, 
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voltage occurs however the position of the potentioneter tap P is varied, 
Leakage currents, however, still cause the grid-cathode voltage to vary. 
A practical variant of the © HT+ 
cireuit of Fig.93 is shown in 
Fig .954. - The lower valve is a 
Constent-Current Pentode, i.es, a 
pentede with the potentials at 
control and screen grids fixed with 
respect to ocath-~de potential so 
that the valve operates above the 
knee of its I, - Vy, characteristic. 
The screen grid of the upper valve 
is at a fixed potential relative 
to earth. 





CONSTANT 
VOLTAGE 
SUPPLY 


CONSTANT 
VOLTAGE 
SUPPLY 


Let I, denote the anode id 
current of the cathode follower 
valve. In the absence of leakage Pig. 954..- Use of constant 
this is also the current through current pentode 
the load. If a leakage current as load. 


I, occurs fron the positive line 

to earth the current I, through 

the load (lower valve) becomes 

I, + I,, whereas if a leakage 

current I. flows from earth to the negative line, 


IngaI, - Te 
If the leakage is due to a resistor R, in the first case, I, is given by 


i = mi whereas in the second case 


I. = 





Pig. 955 shows the effect of leakage in a practical case in 
which it is necessary for P to vary over a wide range. If there is no 
leakage (curve A) the variation in grid-cathode voltage as Va is varied 
from 1000 to 2400 volts, corresponding to different positions of the 
potentiometer tap P, is Q«3 volts. If there is a leakage resistance 
R, from the positive line to carth the current I, is given by 


In = Io - Te 
This ig show et curve B for Ry = 20 Ma. Similarly if there is a 
leakage resistence R. from the negative line to earth the current I, is 
given by 

I, = In + I- 


= Ig2+ Vp ~ Va- 
Re 
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soy 
JMINIMUM Va {MAXIMUM Vg 
A Uga-24v 





~~ 
~ 


eee 


V, (VOLT 
° 500 1000 1500 2000 2500 @ vouTs) 


Pig. 955~ Effeot of leakage. 


This is show at curve C for R. = 20 Ma. In neither case does the 
grid-cathode voltage variation over the required anode voltage range 
exceed 0*5 volts. Hence, whatever the position of P within the 
required range, the supply lines are always within 0°5 volts of.their 
required values. 


We may compare the above results with those which would be 
obtained by the arrangement of Fig. 951 , for a potentiometer causing 
the same drain on the supply as the electronic potentiometer. The 
resistance of this potentioneter would be 2500 . 106p; Letey 

500 


approximately 8 Ma, 


Without leakage the appropriate earthing point would be 
ra x 8Mn = 32 Mo from the positive line for V, = 1000 volts, 


With 20 Mn leakage resistance from the positive line to earth the 
3°2 Mn is modified to becone 


3222 20 *= 2676 Ma, 
23°2 
fhe 2500 volts are therefore distributed about earth potential in the 


ratio 
ae instead of i ; 


so that the positive line is 913 volts above earth instead of 1000 
volts. 


Hence a shift of nearly 100 volts occurs in the potentials of 
the supply lines, compared with 0+5V in the electronic potentiometer 
circuit. 


INDEX 


A 


A - display, noise on : 15.2, 16.4 
A - scope, range measurement 18,2 
Acceleration ; lag. 19.19 
post-deflector, 6.2h 
Acceptor : circuit 1.19 
Acorn valves ; - see valves, acorn 
Active element : 1.2 (c) 
Addition and subtraction of vectors 1.10 
Addition, by long-tailed pair : 7.23 
Admiralty Handbook of Wireless Telegraphy : 11 
Adwittance :; characteristics : 4.6 
characteristics of network 3.3 
complex 1.11 
generator 3.2 
normalized 4.48 
open-circuit, of network 3.3 
short-circuit, of network 3.3 
Aerial : aperture of : 17.34, 17648 
arrays : 17.29, et seg 
beacon : 17.30, 17-57 
biconical horn : 17-57 
cheese : 17.52 
dielectric : 17.59 
directional : 17.41, et seq. 
effective area : 17e1 
end-fed pair : 17.11 
folded : Vfe bh 
full-weve : 17.11 
gain of : 17.1, et seq 
gapless +: 17.51 
half-wave : 1764, 17610, 17611, 17612 
centre-fed : 17.14, 17612, 17613, 17635, 1749 
current-fed : 17611, 17012 
end-fed : 17.11, 17612, 17613, 1735 
equivalent circuit : 17612 
Q of : 17.12, 17.13 
voltage-fed : 17611, 17612 
Aerial : image 17.24, 17.32 
input impedance of : 1761, 17611, 17612, 17.13 
long-wire 3 17.659 
microwave 7: 17.48 et seq 
parasitic : 17051, 1742, 17643 
paraboloidal : 17.48 
polyrod : 17259 
radiation resistance of : 172115 17.12, 17.13 


855 


receiving 17.14 
effective cross-sectional area of : 17615, 17616, 17017, 17019 
equivalent circuit of : 17.14 
isotropic : 17614, 17015, 17616, 1717 
matching of load to : 17.14 
power gain of 3 17.14, 17615, 1716, 17617, 17.18 
resonant length : 17.11, 17612, 1713 
slotted : 17.55, 17659 
V-reflector : 17.59 
Yagi : 17042, 17043 
Afterglow : 6.7 
skiatron : 6.9 
Alternating current : regulator : 20.14 
single phase transmission system : 19.7 
stabilisation : 20.12 
two~phase selsyn system : 19.8 
Alternating voltage regulator : 20015, 20.16 
Ampere's rule : 4.3 
Amplidyne generator : 19.146 
Amplification : at centimetre wavelengths, disadvantages : 8 22 
factor : 73 
necessary for phase~shift oscillator : 8 20 
of superregenerative circuit ; 848 
of valve : 7-3 
of valve amplifier : 7.11 
oscillators : &45 
upper frequency limit of : 661 


Amplifier : equivalent circuit : se2 circuit 
Amplifiers : positive feedback : &3 


valve : Ch7 
Amplitude : and amplification, oscillators : 845 
discrimination : 8.54 
distortion : see distortion, amplitude. 
Amplitude : frequency characteristics : 1663 
modulated C.ii. detection of ; 12.1 
of oscillation : 812 
Angle of flow : Jet, 847 
and signal voltage ; 847 
Angular freouency, undamped natural : 19.19 
Anode ; cathode ray tube : 6.4 
current of cathode ray tube ;: 6,214 
length of magnetron, effect of : 8 36 
load, inductive, in feedback circuit : 7.16 
modulation : 14.8 
potential, effect on deionisation time : 6.38 
power supply : 20.1 
third - potential of : 6.27 
trensmitter : 6.33 
voltage and deflection sensitivity ; 6.16, 6.17 
large for brilliance : 65 
see power supplies,cathode ray tube 
three-anode focusing : 6612 
two-anode focusing : 6.12 
Anomalous propagation : 17.28 


Antinodes : 4.13 
Aperture, of aerial : 17¢3h, 17648, 17.51 
Applications of the circle diagram : 4.50, 4653, 4.54 
Ares, complementary : 4.50 
Area : effective cross-sectional, of receiving aerial : 17215, 17.16, 17.17 
equivalent echoing of cbstacle : 17.18 
&rray : broadside : 17.20 et seq 
end fire : 17039, 17040, 17041, 17043 
linear > 17.30, 17637, 17638, 17055, 17656, 17.57 
slotted : 17.55, 17.56 
Artificial : inertia ;: 19.24 
viscosity : 19.21 
Aspect of obstacle : 17.48 
Assumption (servos) : 19.18 
Astigmatism : see distortion, astigmatic 
Attenuation : Coefficient in waveguides : 5.5 
constant, of filter sections : 3.10 
in waveguides : 5.23, 5.2) 
Attenuation : of network ; 3.5 
Attenuator : T - section : 3.7 
W - section : 307 
‘ - section in 2 - pole mixer : 16.19 
piston 3 je ok 
Automatic : bias 7.4. See bias 
frequency control : &49 - &54 
automatic sweep circuit : 8.53 
discriminater : 850 =~ 852 
effect on noise temperature ratio : 16.28 
mechanical : &49 
practical circuits : 8.54 
uni-directional pull-in : 854 
gain control : 764, 16637 
additional, for super-regenerative receivers : 848 
super-regenerative circuit : &48 
potentiometer earthing circuit : 20.17 
ranging unit 18.1 


Back heating of cathode ; 838 
Balance - to- unbalance transformer : 4.38 
Balanced : deflection - 6.18, 6.19, 6.20 
input = 6. 30 
load : 4438 
pair : 42 
pair (screened) : 438 
Ballistic range correction : 184 
Balun, quarter-wave : 4.38 
Bandpass : circuits : 1.21 
coupling ; 7.8 
Bandwidth ; 7.8 
aerial array : 17.45 
IF. amplifier : 16.5, 46.6 
mirror aerials : 17.53 
optimm, of receiver : 16.4, 16.5 
RF amplifier : 6.3 
slotted array : 17.55 


Base ; line stabilisation : 12.2 
Batteries HT : 20.1 
Bazooka : 17.49 
Beam current : cathode ray tube 
Beam swinging : broadside array 
with paraboloid : 17.50 
with slotted array : 17.55 
Beam width ; aerial array : 17.30, 17036, 176375 17239, 17eh2 
paraboloidal aerial : 17.48 
Beaming factor ; aerial array 17630, 176315 170632, 1706375 17639, 17658 
Bearing : in pentode, use in noise reduction : 15.9 
Bends in waveguides : 546 
Bias : for amplifiers : 7.4, 7.23 
for Class B or C operation : 7.4 
for pulse work : 7e4. 
in soft CRT's ; 6.14 
Biasing circuits, oscillators : 8.46 
Biconical horn ;: 17.57 
Bifilar secondary impulse transformer : 1he7 
Binomial : distribution of currents and aerial array : 17.37 
Coefficient : 4.35 
Blacking-out, of cathode ray tube : 665, 6.31 
Blocking oscillator : 10.8 
Blocks, for magnetron ; 837 
Blowing, spar gaps : 6.40 
Blumlein modulator : 14.39 
Bombardment, positive ion : 6.37 
Boltsmann's constant +: 15.4, 1507 
Bootstrap premodulator : 1424 
Boundary layer capacitance, of crystal : 16.23 
Breakdown tine, soft rhumbatron : 6.42 
Brewster : angle : 17023, 17e24, 1726 
effect : 17.23 
Bridged : contact switching : 6.4 
Brightening circuits, cathode ray tube : 6631 
Brilliance, CRT. 6.6, 6.12, 6.31 
current density : 6.6 
dependence on velocity of electrons : 666 
Broad=band coverage : 4e35 
match 4. 35 
Broad-banking : 1221 
Broadside array : 17.23 et seq 
Buffer stage : &2 
Build-up ; 4.40 
Buncher, field distribution in : 8 22 
Bunching ; &22, 8 23 
Bunching planes : 8 22 
Burning of CRT screen focus : 6.14 
Bypassing, to avoid paralysis : 16 


6.3 
17» 38 


38 


Cc 


Cables : disadvantage of, at cm. wavelengths : 55 
Calibrators ; 38.43 
Can, quarter-wave : 4.38 


Capacitance : 143 
boundary layer, of crystal : 16,23 
grid-csthode of pentode ; 16.12 
of diode mixer +: 16.21, 16.26 
inter-electrode : 7.7; 7-26, 8&3 
" " variation in osciliators : 8&3 
in parallel with feedback resistor for high-frequency responses : 7.16 
inter-plate, of CRT ; 6.30 
self, in series IR circuit : 29 
Stray 3 709s 7.10, 7.23, To 2h, 7226, 8.9 


in push pull circuits : 819 
Capacitive elements : 163 
Capacitors : 13 
Cartesian circle diarcram : 4&9 
Catcher : 8 22 
Cathode : bias 7.4 
bias, disadvantaces of : 8.46 
circuit, CRT : 6,34 
emission censity and transit time ;: 7.25 
follower ; 7.18, 7.19 
Cathode : follower : 3.23, 16.36 
for feeding deflector plates : 6.21 
for large pulses : 7.18 
regeneration in: 7.18 
heating pover : 20.1 
input amplifier - see grounded-crid amplifier 
inversion circuit : 7.23 
lead inductance : 7.26 see also inductance, valve leads 
ray tube : 601 
ray tube ; 6.3 
glass envelope ; 6.10 
with extra anode ring : 
size, radar transmitters ;: 
structure, magnetron ; &38 
Cavity : application of : 5632 
charges and currents on internal faces of 3; 5.29 
excitation of : 5.30 
field patterns in : 5.27 
in cw wave oscillators : 5.32 
g-factor of : 5.31 
resonators : 5225 et seq 
Centizetie : amplifcation, disadvantages of ; 8 22 
trananitters : 8 24 
oscillations using triodes ; 812, 816, 817 
Centimetric wave generators, principles of ; 8.22 
Characteristics : admittance : 4.6 
amplitude frequency : 7.@ 
Giode, effect of gas : 6.35 
impedance : 4.6 
impedance of : 7015 
metrosil : 6.44 
non~linearity of : 7.2 
of amplifiers : 7.1 
of OV 1065 : 6.3 
of CV 1U91 3 63h 
of load (servos) : 19.15 
phase frequency : 7.8 
suppressor grid - see suppressor grid characteristics 
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Characteristics : thermistor : 6.45 
Thyratron ; 6.38 
video amplifier : 7.12 
Charge : density : 4.9 — 
distribution : 43 
of CRT bulb : 6.21 
Cheese ; aerial 17.52 ; 17.58 
reflector : 17.52 
Choke ; input filter (series) : 20.6 
Circle diagrams : 4.47 
applications of : 4050, 4.53, 4054 
cartesian : 4.49 
examples : 4,450, 4.52 et seq 
use of : 4.52 
Circular timebase : 11.12 
Circuit : amplitude discriminating : 851 
equivalent , of Hartley and Colpitts oscillators : 8&8 - 8&9 
» of oscillators : 84 - 815 
" » of valve amplifier : Te3, 710, 7015 
for combined current and voltage feedback : 7.17 
frequency stabilisation by resonance operation : 843 
non-linear, and cathode follower : 7.19 
Clamping : 16.3, 16.37, 12.2 
circuit 3; 74 
switched circuits, : 12.3 
Class B operation : 7.4 
C amplifier, similarity to VM tube, : 822 
C operation, : 74, 83 
Clutter, sea ; 17.26 
Coaxial line : 42 
with spacing washers : 4,2 
Coefficient, binomial, 35 
Coils : 163 
coil, ideal : 1«11 
Coincidence indicating system, : 19.12 
Cold block measurements, magnetron ; 8 32 
cathode diode : 6.36 
Colpitts oscillator : 8&9 
Common anode oscillator : 8&1 
Common cathode oscillator : 8.13 
Common grid oscillator : 8.15 
T/R $ 5.50 
T/R circuits : 4.40 
Compensating inductance in video amplifiers : 7.11 
thermistor : 6.45 
Complementary ares : 4+50 
Complete standing wave : 4.13 
Complex admittance : 1.11. 
impedance ; 1.11 
numbers, use of ;: 1.8 
quantities : 1. 9. 
Computing circuits, use of long-tailed pair : 7.23 
devices 19.4 
Condensers : 1.3 
ideal : 1.11 
input filter (shunt) : 20.7 
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Conductance : 1.611 
conversion : 16.17, 16.18 
dynamics : 1419 
dynamic, of tuned circuit : 16.10 et seq 
input due to cathode lead : 16.12 

" due to transit-time : 15.10, 16.12 
output of network : 3.3 
transferrred aerial : 16.10 
transferred aerial, for minimum noise factor : 16.11, et seq 

Conduction angle : of linear diode mixer : 16.20 

Conductivity of ground : 17.20 
of sea : 17-20 

Constant : amplification, by feedback 7.14 
characteristic impedance line ; 4.2 


current generator : 1.4 
current generator : 7.3 
voltage generator : 1.4 
voltage generator : 7.3 


Contactor coils, protection of : 6e44 
Contour diagrams, magnetron : 8.40 
Control grid, CRE : 6.5 
ratio : 6.38 
system : 1961 et seq 
Conversion loss : of orystal mixer : 16.27, 16.29 
of diode mixer : 16.26 
of linear diode mixer : 16.20 
of two-pole mixer : 16.19 
Converter -(see frequency converter) 
Cooling, anode t e353 
Copper oxide estieiers £ 2002 
Corona, in triggered spar gaps : 6040 
Coulomb, friction : 19.15 
Counter : 141 
Counting down multivibrator ;: 10,2 
Coupled circuits : 1.20 
Coverage broad-band : 4.35 
C ~R circuit : application of instantaneous change of voltage to : 2.2 
of linear voltage change to : 2.14 
of rectanguler voltage pulse to : 2.3, 2.5 
of succession of rectangular voltage pulses to : 204 
of succession of sawtooth pulses to : 2.16 
of succession of triangular pulses to : 2.16 
of trapezoidal pulse to : 2.15 
of triangular pulse to : 2.15 
use as differentiating circuit : 2.17 
use as integrating circuit : 2.17 
C ~R filter -: 19.8 
CRT 6.1, 6.3, 6610, 6.2) 
Crystals, as filter elements : 3.14 
capsule ; 16,22 
controlled oscillators : 818-see oscillators, erystat 
equivalent circuit : 46. 23 
mixer : 16.22, 16.27 
static characteristio ; 16.22 
valve : 16.22 
Cumulative grid detector - see detector, cumulative grid 
Current : and voltage feedback combined : 7017 : 
anode, » of cathode ray tube ; 6.21 
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Current : extinction - see extinction current 
feedback : 7e4, 7o1h, 7016, 7e22, 7023 
in spark gaps : 6.41 
of deflector plate : 6.21 - 
total, of cathode ray tubes : 6.27 
Cut-off : be? 
field, in mognetron : 825, 826, 83) 
frequency : 4.6 
526, 5610 
of high-pass filter : 3.10 
of low~pass filter : 3.10 
wave-length : 5.6, 5.10 
in septate guides ; 5.21 
of HO 1 wave : 5-11 
Cylinder : cathode ray tube - see contrel grid : cathode ray tube 
coaxial - as electron lens > 6.12 
surrounding trigger electrode : 640 


D 


Temp, exclusion of ; 6.44 

Damping, by grid current : &45 
critical : of L-C -R cirewit : 2.10 
factor : 1819 
of tuned circuit, effect on squegging ;: &47 
parallel : 1219 
ratio: 4021, 2210, 19219 


Data : transmission systems ; 191 
transmissions systens eae 3 192 
tranamissions systems (Synchronous) : 19.2 


Datuning 18.4 


DC restoration : 204, 12.2 
Diaphragm 
Aparative 5.43 
inductive 5.43 
in circular waveguides 5.43 
resonant 5.43 
» Q-factor 543 
Dead zone : 19.16 
Decoupling. : 7.6 
of screen to cathode : 7.16 
Decrement, logarithmic : 2.10 
Tefinition (servos) : 19.18 
Deflection, balanced : 6.18, 6019, 6030 
defocusing ~ see defocusing deflection 
direction of in double-beam tube : 6.25 
Deflection.: electric : 6616, 628 
magnetic : 6017, 6.29 
sensitivity : 6.16, 6.17 
and focus : 6016, 
and distortion : 6.18 
Deflector : plates, corrected for distortion : 6.18 
plate current : 6.214 
plate current ; 7.19 
plates, input circuit to : 7.30 
post-deflector acceleration : 6624 
sensitivity, high ; 6.24 
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Deflection : systems, comparison : 6.33 
Defocusing, deflection : 6.19 
Deionisation : 6038, 639 
Delay : in building-up bias : 8.47 
line, design of 3 3.16 
line, production of rectangular pulses by : 3.16 
locking 18.4 
Delay network : advantages of : 14.27 
application of instantaneous change of voltage to : 2.11 
charging from an AC voltage source : 14.27 
charging from steady voltage source : 14,23 
choke charging : 14623 
constant-current charging 14.2) 
delay time : 2011, 3016 
line 2 3015, 3.16 
rigging in : 3-11 
symmetrical charging : 1425 
Delay : of start of transmitter pulse : 834 
time, of RF amplifier ; 16.3 
Derivative ; error contrel: Use of : 19.21 
Detector :; 16.5, 16.30 
Detection 3; 121 
Dielectric: aerial: 17.52 
constant : 4e7 
constant of atmosphere : 17.28 
lenses : 17.52 
losses 3: heht, 4h2 
rod : 4.2 
Differential output resistance : 20.9 
receiver ; 19612 
resistance - ace resistance, differential 
Differentiating circuit : 7.10 
Differentiation, by CR circuit : 2.17 
Diffraction, of radio waves round earth : 17.28 
Diode ; as mixer, 16.20, 16,26 
characteristic - see characteristic 
cold cathode : 6,3 
equivalent, of triode : 15.8 
half-wave rectifier : 20.3 
hot cathode : 6.37 (see mercury vapour rectifier) 
limiting circuits : %2 
slope conductance : 1567 
space charge limited, noise in : 15.16 
space charge in - see space charge 
temperature limited, noise in: 15.6 
Direct current : generators 20.1 
motors : 19.16 
restoration : 2.4, 12.2 
Direct wave : 4.8 
Direction of voltage, spark gap : 6.40 
Director, parasitic : 17.41, 17.42 
Discharge : of open circuited line : 412 
valve : 440 | 
Discriminator : 8.50, 8.52 
Displacement correction, for range : 18.4 
Display : 601 
Display, A-type, noise on : 15.2, 15.16 
A-type, temporal gein on : 16640 
PET noise on : 15016 
PPI temporal gain on : 16.40 
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Distortion : amplitude 2: 7s 2, 7-9; Je 1h 
and negative feedback : 7.14 
astigmatic : 6620, 623, 6.28, 7.23 
avoidence by cathode follower : 7.19 
by transformer : 7.15 

Distortion : cethode ray tube : 6.18 - 6.22 
deflector plate current : 6,21 
defocusing : 6.19, 6.28 
frequency : 7-2, 79 
grid, current : 7.4 
in detector : 16.5 
in paraphase amplifiers ; 7.22, 7.23 
of amplifiers : 7.2 
of pulse by delay line : 3.15 
of rectangular pulse by C-R circuit : 203 
of RF pulse in receiver : 1601, 16.3 
phase : 7.2, 769 
stray field : 6,22 
trapezium : 6.18, 6.28 
unbalanced, in phase splitter ; 7.22 
with sideback : 7.4 

Distortionless line : 4.6 

Distrene : 445 

Distributed : constants : 41 
elements : 4.17, 4.18 

Distribution : instantaneous : 4.5 

Disturbances ;: evanescent : 4.7 

Doorknob valves - see valves, doorknob. 

Double-beam tube : 6.25 

Double - decoupling : 7.6 
quarter-wave line : 4.35 
quarter-wave transformer : 4.54 
shunt stub : 4.5h. 
stream steady state : 8.28 
tuning plunger : 54/7 

Drift space : 822 

Drift space entry velocity : 8 22 

Driver, aerial : 17.41 

Duplicate systems : 19.2 

Dust core : 7.8 

Dynamic : conductance : 1619 
errors : 19.3 
resistance : 1.19 
resistance ; 7.8 

of resonant lines 7.26 

Dynatron : 8.10 

Dynatron mode : & 2h, 8.26 
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Barth's magnetio field, effect on cathode ray tube : 6.22 
Earthing, in oscillator circuits : 816 

Eecles—Jordan cireuit : 10.1 

Echelon strapping : 835 


Echo boxes 
Echoing area : equivalent, of obstacles : 17.18 
of flat metal plate : 17.18 
of medium bomber : 17.18 
Efficiency : 83 
Efficiency of magnetrons ; 8.35, 840 
Electrio fields ;: 4.1 
Electrode, keep~alive : 4.4.0 
Electromagnetic field : 17.2 et seq 
Electromagnetic induction, Faraday's Law of : 163, he1 
energy density in : 17.6, 17.7 
power relations : 17.7 
propagation 
Blectrode, starter : 6.42 
wear in spark gaps : 6.40, 6.44 
Electrometer, analogy with magnetron : 6.30 
Electron : flow in magnetic field : 6.13 
in electrostatic field : 6616, 825 
in magnetic field : 6.17, 825 
lens, simple : 6,12, 6.28 
lens, compound : 6.12, 6.18 
optics : 6.12 
orbits in magnetrons ; 825, 826 
radial velocity : 6.13 
Electron spiral : 6,13 
Electron spiral : 6.13 
Electronic devices : Ch.6 
potentiometer earthing circuit 20.17 
Electrons, secondary, from cathede ray tube screen : 6.24 
Electrostatic focusing - see focusing electrostatic 
Element : active 1.2 (c) 1.4 
capacitive : 13 
inductive : 1.2 (b), 13 
resistive : 163 
Elements ;: distributed : 417, 4618 
linear : 103 
Elliptical timebase : 11.12 
Energy : density, in electromagnetic wave : 17.12 
losses : 4.25 
of the wave : 4.8 
transfer criterion and potential : 832 
End-plate distance ; 8 36 
Equipotential : lines, curved : 6.18 
pdanes and refractive index : 6.12 
surfaces, and trapeziun distortion : 6.18 
Equivalent ; circuit, for noise in first stage : 16610 et seq 
for two pole mixer : 16.19 
of cathode follower ;: 7.18 
of half wave aerial : 17.12 
of magnetron : 8.27 
of Hartley's and Colpitt'ts oscillator : 8.4 to 815 
circuits ; oscillators : &4, 8415 
Equivalent network : 1.3 
Equivalent series and parallel networks : 1.17 
Error control, simple : 1819 
Error control, simple : limitations of : 19.20 
Simple, use of derivative and integrated : 19,21 
steady state (servos) : 19.19 
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Evanescent attenuation of : 5.24 
Evanescent disturbance : 4.7 

modes : 4.7 

modes in waveguides : 512 
Eevectors : 4.3 
3% waves in circular guides ;: 5.19 

in rectangular guides : 506 et seq 
Exponential wave 4.5 
Extinction current : 6.36 

voltage : 6636, 6637, 638, 6042 
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Faraday's Law of electromagnetic induction : 1.5, 4el 
Feed : primary : 17049, 17052, 17053 
tapered : 17.37 
Feedback : 7ei4, see negative feedback 
at high frequencies 7.26 
at low frequencies only 717 
combined I & V : 717 
constant : 7.15 
constant amplification by 3 7o14 
equivalent circuit : 7.15, 7016 
in klystrons : 8,22 
negative, reduction of short noise by 1509, 15015, 16012, 16014 
parallel 3 Toth, 7015, 7e22 
positive : 8.3 
voltage : 7e14, 7015, 722 
Feeding, of broadside array : 17¢35, 17037 
of paraboloid : 17049, 17053 
Field discharge resistor : 644 
Field, electric : het 
Fields: induction : 46 
magnetic : 4e1 
storage : le7 
stray : 622 
Field strength : diagram of aerials ; 17.13, et seq 
of earth ;: 17. 2h, 17.25, 17-26; 17-46, 1747, 17.58 
of obstacle : 17.18 
factor : 17e4, 17.26 
Filter : ACW 3.14 
band-pass 13.13 
band-stop 3 3213 
high-pass : 309, 3610, 3013 
ideal ; 3.8 
in detector circuit : 16.5 
low-pass : 309, 3010, 3511, 3012, 3616 
low=pags ; 1.24 
m-derived ; 31h 
prototype : 3.9 
First order servo, speed control : 19.22 
Fleming, William : 10.6 
Floating paraphase amplifier : 7.23 
Fluorescent screen : 6.7 
Flyback, elimination of : 6434 
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Focus ; and deflection sensitivity : 6016 
and speed of electrons : 6.19 
deterioration with long tube : 6.17 
of CRT : 6.12 
of dependence on brilliance : 6.14 

Focusing : electrostatic : 6.42 
gas : 6614 
inertia in : 6614 
magnetostatic +: 6013, 623 
system, cathode ray tube ; 6.4, 66114 

three~anode : 6.12 
twomanode ; 6.12 
comparison : 623 

Folded half-wave aerial : 17.44 

Follow-up time : 182 

Foster-Seeley type discriminators : 8.52 

Fourier analysis : 7.1 
analysis of double input mixer : 16.18 

of rectangular pulses ; 16,2 
of two poled converter : 16.19 

Frequency : characteristics of RF amplifier : 16.3 
characteristics of two~terminal networks : 1.18 
of video stages : 16.5, 16.6 
converter : 1665, 16615, 16.16 

crystal : 16.15 
diode : 16.15, 16.20, 16.24, 16.25 
hexode : 16.15, 16616, 16624, 16.25 
noise in : 16.24, 16.25 
pentode . 46.15, 16016, 16017; 16.2h, 16.25 
triode ; 16.15, 16.16 . 
two-pole : 16.16, 16.19 
two-pole : analysis : 16.19 
cut-off, of delay liner ;: 3.15 
of filter sections : 3610, 3e1, 3012, 3643, 301 

Frequency : discrimination by feedback : 7.15 
distortion - see distortion frequency , 
divider multivibrator : 1062 
effects : bedi 
effect of magnetron current on : 841 
naturel angular undamped : 19619 
natural undamped : 19.19 
of infinite attenuation of filter section 33.14 
of magnetostriction oscillator : 8.7 
of RF amplifier : 16.3 
pulling : 8.40, 844 
range, at centimetre wavelengths : 8.23 
resonant : 1.18 
response, control system 3: 193 
separation of modes, by strapping : 8.35 
spectrum and video amplifiers : 7.12 
splitting : Bed 
spread : 861 
stabilisation : 8e43 
stability, magnetrons : 8.40 

Friction : cowlanb : 19.15 
static : 19015 
viscous : 19615 

Full wave : reotifier 20.3 
rectifier bridge : 20.3 
rectifier, threephase : 20. 4 
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Gain control : automatic ; 16.37 
valve : 16.36 
Gain control manual : 16,36, 16.38 
of IP awplifier ;: 16,35 
of network : 35 
power of aerial : see power gain 
swept : 16040 ° 
temporal : 16.40 
Gap, filling : 17.27, 17-47 
in radar coverage : 17.2 
spark : 44C 
Gapless aerial : 17.51 
Gas discharge : 4.40 
in salves 6.35 
Gate puis. : 16.37 
valve : 16.37 
valves : 6634 
Gating circuit, for AGC : 16.37 
Gaussian distribution : 17.37, 1748 
Generator, constant current : 164 
corstant voltage : 14 
Geometrical discontinuity : 4.7 
Glass envelope, O2T : 6.10 
Glow discharge, in rhumbatron : 6.42 
Goniometer : 3620, 3621, 18.3 
Grating factor : 17.30 
Grid ; bias, in soft cethode ray tubes : 6.14 
circuit, cathode ray tube : 6.34 
coupling condensers ; 7.19 ; 
current, analogy with deflector current ; 6,24 
and cathode follovecs ; 7.78, 7619 
avoidance of use of 
limiting action in oscillators : &45 
thyratron : 6.38 
disadvantage of : 14.7 
affect cf, in thyratrons : 638 
leak, tor oscillator bias : 846 
leak retuened to high potential : 8.47 
modulation : 14.3 
Ground electrical properties of ; 17.20 
reflection of radio waves by : 17220, 17621, 17623, 17¢46, 17647, 17658 
Grounded grid amplifier : 7.20 
Group velocity : 56 
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Half-wave loop : 4.38 
rectifier : 19.3 
rectifier, three-phase : 2004 
Hard valve . 6. 32, be 34 
stabilisers : 20.12 
Harmonic response (servos) : 1949 
Harmonics, avoidance of : 8.19 
in Colpitt's oscillator ;: &9 
production of : 6644, 88, 8.19 
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Hartley oscillator : 8.8 
Head amplifier : 16.34 
Heater windings, insulation of : 7.16 
Heating power, cathode : 20.1 
Heil tube, 8 23 
Helmholtz's Theorem : 1.12 
High-capacitance loads, feeding of : 7.19 
High gain, of superregenerative receivers ; 8.48 
High power from oscillators : 8.16 
High Q rejector circuits : 8.54 
High tension batteries : 20.1 
supply - see power supplies 
Hole and slot magnetions: 8.27 
Horn, biconical : 17.57 
Hot cathode mercury vapour rectifiers : 20.2 
Hunting : 19.16 
Hevectors : 4.3 
Hoz wave : 5e9 
H waves in circular guides ; 5.19 
H waves in rectangular guides : 5.6 


Ideal coil : 1.11 
Ideal condenser ; 1.11 
Illumination of aperture : 1748 
of targets : 17.51 
Image, aerial : 17.24, 17.32 
Impedance, characteristics ; 4.6 
of attenuator ; 3,6 
of filter ; 3210, 3611, 3.12, 3013 
of network : 3.3 
complex : 1.1% 
conjugate : 34 
input, of aerial : 17.1, 17611, 17612, 1713 
input, of network, 361, 362 
input of 2-pole mixer : 16.9 
input, of valve, due to cathode lead : 16.142 
Impedance, magnitude cf : 1.11 
normalised 4,48 
open-circuit :3.3 
output : 1.12 
output, I.¥., of crystal in mixer : 16.27 
output, of network : 3.1, 32 
output, of 2 pole mixer : 16.19 
purely reaction : 1011 
radiation, of aerial : 17e41, 174) 
short-circuit : 3.3 
single ; 446 
source, of network : 3.1 
transformers : 4. 3h 
transforming devices : 4.2 
wave, of free space : 17.7 
improperly terminated : 4.5 
Indicating systems, coincidence : 19.12 
Inductance : 1.3 
Gathode lead, damping due to : 16.12 
grid lead : 16.13 
lead, of diode mixer : 26,21 
of valve leads : 7224, 7626, 8.19, 8043 
screen lead ; 16613 
Su9 


Inductors, mutwal : 163 
self : 103 
Induction fields : 4.66 
motors, two-phase : 19.16 
Inductive elements : 1.3 
potentiometers : 18.6 
wire in a waveguide : 5.43 
Inertia, artificial : 19.21 
Infinite line : 45 
Input admittance : 7.7 
balanced : 6.30 
capacitance : 767, 725 
Input capacitance, cathode follower : 7.18 
circuit, blackout : 6.31 
circuits, cathode ray tube : 6.30, 631 
conductance, cathode-follower : 7.18, 7-26 
dampting : 7226 
deflector plates : 6.30 
impedance and transit time : 7.25 
impedance, of cathode ray tube : 6.30 
impedance of loss-free line : 4616 
Instability, of RF discharge ; 6.42 
Instantaneous distribution : be5 
Insulators, metallic : 4429, 4.54 
Integrated errar control, use of : 19.21 
Integration, by CR circuit : 2.17 
Intensity modulation : 601 
Interaction, of electric fields : 6.18 
Interference : 444 
adjacent channel ;: 16.5 
factor, of aerial : 17.24, 17.46, 17.58 
from oscillators, reduction of : &19 
lobes ;: 17e2hy 17046 
second channel : 16.5 
intermediate-frequenoy amplifier, gain of : 16.35 
choice of : 16.5 
Ionisation ~ see deionisation 
by control electrode : 6639, 6040 
py light : 6.40 
Ionisation ; in soft valves : 6035, 6637, 638 
potential : 6.35, 6640 
residual : 6640 
rhumbatron : 6.42 
Ions, in soft cathode ray tube : 6.14 
Iris ; 5.45 
matching : 17.35 
reflecting : 545 
rotating : 5.45 
Isotropic radiator, $ 1705, 17.8, 17.9, 17.18, 172k, 17.26, 17034 
17e 3h, 176359, 170h6, 170k7, 17658 
Inverse square low : 1762 


d-scope timebase : 18.20 
Jitter : 6640 

in rotary spark : 6044 

in triggered spark : 6.40 
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Joint : rotating : 4.30 
sliding : 4.36 
Joints in waveguides : 5.46 
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Keep-alive electrode : 6.42, 6.40 
'Killers' for cathode ray-tube screen : 6.7 
Kirchoff : 1.2, 461 
Klystron : 8.23 
double rhumbatron : 8623 
Klystron, as Local oscillator : 16.28 
noise in 16.28 
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Lemp transmission system ; 194. (i) 
Launching waves in guides : 5e1h, 522 
L&R circuit application of instantaneous change of voltage to : 2610 
free oscillations in : 2.10 
in Giode mixer : 16.24 
Lead inductance - see inductance of valve leads 
Lecher bars : 4.28 
Lenses, dielectric : 17.52 
life, of spark gaps : 6040, 664 
Light, ionisation by : 6.40 
lighthouse tube circuit : &416 
Lightning arrestor : 6.44 
Limitation, of pulse : 16.3 
limitations of simple error control ;: 19.20 
of transmission lines : 4.41 
limiter : 7.4 
limiting circuits ; diode 5.2 
triode and pentode ; 5.3 
resistor, in mercury - vapour rectifier : 6.37 
in thyratron anode : 6.38 
in thyratron grid : 6638 
Line, artificial : 36, 3015, 3.16 
Line characteristics ; 4.11 
distortionless : 4.6 
double quarter-wave : 4.35 
fed by DC generator : 4.10 
infinite : 4.5 
quarter-wavelength : 4.27 
unbalanced : 4.38 
Linear circuits : 13 
control system : 192 
elements : 13 
networks : 1¢3 
linearity of potentiometer : 7.19 
lines, as tuned circuits : 7.8 
non-resonant : 4.26 
resonant : 4,26 


Load, balanced : 4.38 
characteristics (servos) : 1%15 
resistance : 4.8 . 
variations - effect on magnetron : &41 
Leading, of oscillators : 82 
long afterglow ~- see afterglow 
Leng lines, effect on frequency : 841 
Long tailed pair = see cathode inversion circuit 
Loop, half-wave : he 38 
IR circuit, application of instantaneous change of voltage to : 2.6 
application of rectangular voltage pulse to : 2.7 
application of succession of rectangular voltage pulses to : 2.8 
disadvantages of, compared to series C.R circuit : 2.9 
response to series of sawtooth pulses : 2.16 
response to series of triangular pulses : 2.16 
loss : coefficient in waveguides : 523 
conversion of crystal ; 16,27, 16.29 
of diode mixer ; 16,26 
of two-pole mixer : 17.19 
Loss-free line, input impedance : 4.16 
transmission line : 4.3 
loss : insertion of filter sections : 3011, 3012, 3013, 3014 
Loss ;: of energy : 4e2 
of network : 365 
Losses, dielectric : 4.41, 443 
in open wire feeder :; 4046 
resistive : 4ehi, 442 
Lossy line : 4.18 
Low-frequency feedback : 7.15 
pass filter : 1.21 
Lumped constants : 4.1 
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Magew split~anode magnetron : 8 24 
Magnetic : deflection and current feedback : 7.16 
and trapezium distortion : 6.18 
non-uniform field : 618 
field : het 
field, cut-off value : 825 = see cut-off field 
field of earth, effect on cathode ray tube : 6,22 
permeability : 4.7 
Magnetostatic foousing ~ see focusing, magnetostatic 
Magnetostriction oscillator : &7 
Magnetron : analogy with electrometer : 8 30 
anode length & 36 
block : 827 
built-in matching device : &40 
cavities, direction of field : 8 32 
cold block measurements : 8 32 
contour and Rieke diagrams : 3.40 
distribution of anode voltage and charge : 8 32 
end plate distance : 8.36 
energy supply criterion : 8.33 
heater supply : 8 38 
initiation of oscillation : 8 32 
internal construction : 8 25 
modes of oscillation : 834 
operating conditions for : 8 34 
output loops ; & 37 
preplumbed : 842 
pretuning : 8 35 
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Magnetron : rising sun : 8.27 
split anode : 82h, 826 
standing and travelling waves : 8 31 
atub tumer close to, 8.41 
tunable : 8& 36 
two segment : 824, 826 
unstrapped, operating condition : 834 
wavelength ; 836 
Magnetrons : 82) - 8.42 
Magslip : 3617, 3619 
Magslip receiver : 19.14 
Marx circuit : 14.38 
Master oscillators : 843 
oscillator and power amplifier combined : &43 
Match broad-band : 4e 35 
Matching : 4032 
Matching : 432 
by iron-cored transformer : 3e4. 
by slugs : 4e5h 
by stubs : 4.36 
device diaphragms : 543 
double stud 3 4e36, 45h 
of aerial to load : 17-14 
of aerial to transmission line : 17d. 
of crystal in mixer : 16.22, 16.27 
of network and load : 5h 
sections : 432 
sections, quarter wave : 4.3h 
sections, trombone : 4.38 
wide bend : 4.38 
Medium, unbounded : 4.7 
Meissner oscillator : 8.6 
Mercury arc rectifiers ; 202 
Mercury : light, for skiatron ; 69 
vapowe rectifier : 6.37 
vapour rectifiers : hot cathode : 20.2 
Mesh ;: ie2 
Metadyne system : 19616 
Metallic insulators : 4.29, be 5h 
Metrosil : 644d. 
Microwave oscillators : 4e46 
Miller effect : 7.7, 7.10, 7018, 7220, 7.22 
Miller timebase : 11.10 
principal circuits employing : 10.9 
Mirror cheese : 17.52, 17258 
cosec 20 : 17.54 
paraboloidal : 1748 et seq 
special shapes of : 17.51 
used with slotted array : 17.56 
Mismatch : 4.24 
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Mixer : 16.15 
balanced : 16.28 
Coaxial ; 16,22 
crystal : 16.22, 16.27, et seq 
diode, bias resistor : 16.26 
linear, analysis of : 16.20 
noise in : 16.26 
non-linear ; 16.20 
double input, analysis of : 1617 
class A operation of : 16.18 
class C operation of : 16.18 
hexode : 16618, 16.24, 16625 
pentode : 16.17, 16.24, 16,25 
single input, analysis of :; 16.17 
disadvantages of : 16.17 
triode ; 16017, 16624, 16625 
two-pole, analysis of : 16.19 
equivalent circuit of : 16.19 
waveguide ; 16,22 
Mixing, orders of 16.16 
variation of efficiency with : 16.16, 16.18 
Mode number : 86,31 
Modes : 4.7 
Modes, of magnetron ; & 31 
principal ; 47 
Modes : supplementary : 4e7 
Modulation : anode ; 14.8 
anode self-quenching : 14.6 
by transit time of guide : &44 
cathode follower : i4e4 
delay network : i411 
depth, in VM tube : 822 
disadvantage of : 1467 
envelope, superregenerative receiver : 848 
grid : 14.3 
grid self-quenching : 14.5 
hand valve method : 14.9 
pulse, of transmitters ; 14 
Modulators : 6439 
Motors : DC : 1946 
servo : 19.16 
two-phase induction : 19,16 
Multiple layer screens, for CRT : 6.8 
Multiplying voltage circuits : 14.37 
Multivibrator :; 10.12 
cathode~coupled : 10,3 
counting-down : 10.2 
electron-coupled : 10.4 
frequency of : 102 
synchronisation of ; 102 
with grid leaks connected to HI. : 1002 
Mumetal shield : 6.22 
Mutual conductance : 7.3 
of CV1091 and CV1065 : 72.8 
Mutual inductance : 8&4 
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Neares : 4.49 
Natural angular frequency, undamped : 19.19 
Natural frequency, undamped : 19.19 
Negative conductance : 7.7 
feedback : 7-14, 7.20, seq also feedback 
and generator output impedance : 7.17 
in paraphase amplifiers : 7+22, 7.23 
Negative resiatance : 8&3, 810, &26 
viscosity : 19.24 
Neon ; limitations of : 6636 
valves : nz 6036 
valve stabilisers : 20.10 
Network : balance ; 3.1 
delay 2 3015 
delta : 1013 
equivalent : 103 
four-terminal : 3-1 
iterative : 301, 306 
linear : 103 
parallel : 1415 
phase-shifting : 3623, 3.2h 
resolving : 3617 
series : 1614 
star : 1013 
symmetrical : 301, 33 
Tesection : 304, 363, 306 
M- section : 301, 303, 36 
unbalanced : 3.1 
Neutralisation of triode : 77 
Nitrogen perioxide, in sparks : 6.40 
Nodes : 4.13 
Noise : aerial : 1504, 15610, et seq, 16627 
atmospheric : 151 
avoidable : 1501 
carbon resistor : 15.11 
cirenit : 1563 
cosmic : 1561 
factor : definition of : 16.9 
effect of signal frequency on : 16,32 
of crystal mixer : 16.27, 17+29 
of diode mixer : 16,26 
of grounded=grid triode, first stage : 16.1) 
of pentode, first stage : 16.12, 16.43 
of receiver : 16,10, et seq 
flicker, 15611 
high-frequency : 15.10 
induced grid 15.3, 1509, 16.12, 16.13, 16.25, 16.26 
infrequency converters, 16.24, 16625, 16.26, et seq 
in klystron amplifiers 8,22 
in receiver, general, 16.1 et seq. 
in supperregenerative receivers : 8.48 
Lonisation : 1514 
Johnson : 1563 
local oscillator 16.27, 16.28 
“manemade" : 1561 
of tuned ciroeult : 1564 
partition 3 15035 1509, 16012, 16013, 16.25, 16.26 
reduction of 16.13 
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Noise : resistance equivalent of hexode : 16.25 
of pentode : 15.14, 16.25 , 
of triode : 15.12, 15013, 16025 
secondary emission : 15.11 
shot 1 15.3, 1505, 16.12, 16613, 16625, 16.26, 16.28 
shot in diode : 15,6,15.7, 16.26 
in klystron : 16.28 
in pentode : 15.9 
in triede : 15.8 
sources; equivalent circuits of : 15.4 
temperature ratio ; effect of AFC on : 16628 
temperature ratio : of crystal : 16.27, 16.28 
effect of crystal current on ; 16,27 
effect of IF on : 1629 
Non-linear circuits : 105 
and, cathode follower : 7.19 
Non-olmic cireuits : 1.5 
Non-.esonent lines : 4.20 
Non-~uniform field, for focusing : 613 
Normalised admittance : 4.48 
Normalised impedance : 4.48 
Norton's Theorem ; 1.12 


Ohm's law ; 403, het 
Open-wire feeder, losses in : 4o46 
Open-wire line : 42 
Orbita, shape of, in magnetrons : 8 25 
Oscillation, maintenance of : &3 
maintenance of in magnetron : 8 26 
Oscillations, free, of LOR circuit : 2.10 
Oscillator, amplitude control for : 8 20 
effect of transit time : 7.25 
Oscillators : analysis of working of : 84 
anode self-quenching : 847 
biasing for : 7.4 
Colpitt's ; - 8&9 
common anode : & 14 
commen cathode : 813 
common grid ; & 45 
control of oscillation amplitude : 812 
crystal : 8.18 
disadvantage of common cathode circuit : 812 
Hartley : 88 
Meissner : 86 
microwave : 4.46 
non-self starting : &45 
practical details ;: &17 
push-pull ; 819 
resistance capacitance : 820 
self-quenching : 847 
squegging : 847 
triode, at 600-3000 Mc/s : 812, 816, 817 
tuned-snode : 7.7, 842, 85 
tuned-grid : 8&4, 812 
velocity modulated : 8&21, 822, 8.23 
Wien bridge : 820 
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Oscillators : with class C bias : 845 
with two tuned circuits : 8&12 

Output loop : 8 37 
impedance : 1412 
impedance, cathode follower ; 7.18 
impedance with current feedback : 7.16 
resistance of valve : 7.3 

Overswing diode : 14.16 

Oxygen for deionisation : 6.40 
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Paraphase amplifiers : 7.21, 7.22, 7.23 
Parallel damping ;: 1619 
feedback : Toth, 7015, 7222 
networks : 1615 
pair : 4.2 
Paralysis cathode : 16.38 
grid : 16.38 
Paraboloidal mirrer : 17.48 et seq 
Parasitic aerials : 17.41 et seq 
Partial standing wave : 413 
Passive element : 1¢2(b) : 163 
Pawsey stub : 4.38 
Fentode, acting as tetrode ; 6.34 
as video-amplifier : 7.13 
low-noise : 16.13 
upper frequency limit of ; 16.13 
Performance ; of servo systems : 19.17 
of transmission systems : 19.3 
Permeability : Magnetic : 4.7 
tuning : 7.8 
Phenastron : 10.11 
Phase : angle : in crystal oscillator ; &18 
in double-tumed circuit oscillator : &12, 813 
in resistance - capacity oscillators : 8 20 
centre of aerial : 1Tebs 170 2h, 17.26, 17-30, 17-31, 17.37; 17046, 17-48, 17049 
characteristic of RF amplifier : 16.3 
delay : 1.21 
discrimination ; 8.52 
distortion : 7.2, 769 
Phase : frequency relation ; thermistors : 6,45 
goniometer : 18.3 
measurement 3 18.3 
of feedback voltage : 7.14 
of reflection, effect of long lines : 841 
shift : 7.615 
shift of filter section : 8.10, 3615 
shift, of resistance - capacity network : 8 20 
shift, video amplifiers 7.12 
shifter capacity, 3222, 183 
shifter continuous : 3.20 
0-180° ; 3.2) 
potentiometer : 3.23, 18.3 
splitter : 7.22 
velocity t De 6, 58 


Phosphorescence : 6.7, 6.9 
Pinch construction and lead inductance : Je 26 
Piston attenuator : 52h 
Plan position indicator +: 11.12 
Plates, shaped : 6.18 
Plate, splitting : 6625 
Plan position indicator : 11.12 
Polar diagram (see field strength diagram) 
Polarisation, of electromagnetic wave : 17.3 
Polyphase rectifier circuits : 20.4 
Polyrod aerial : 17.59 
Poly-vinyl chloride : 445 
Post deflector acceleration : 6.24 
Positive ion bombardment : 6.37 
Potential : distribution between two cylinders : 8.25 
distribution in diode : 15.7 
Llonisation 3 6.35 
mean, of CRT plates : 6.20, 6028, 6.30 
suppressor grid : 6534 
Potentiometer, automatic (electronic) earthing cirouit : 20.17 
B=feed point : 3.23 — 
4efeed point : 3.23 
inductive : 1926 
linearity of 3 7619 
sine : 3.18, 3023 
sine-graded resistive : 19.6 
transmission system : 19.5 
Power : amplifiers, biasing for : 7e4 
amplifiers : 7.20 
anode : 201 
cathode heating : 20.4 
dissipated in line load : 4,12 
factor 3: 1.14 
gain, of aerial, definition : 17.9 
gain of cosec-mirror : 17.51 
gain, of end-fire array : 17.39 
gainsof halfwave aerial : 17.10 
gain:of paraboloid : 17.19, 17-53 
gain:of receiving aerial : 1714, 17015, 17616, 17617, 17-18 
gain: of transmitting aerial : 170th, 17015, 17016) 17017; 17018 
gain: of Yagi aerial : 17.42 
oscillators : 843 
standing-wave ratio : 4.39 
supplies, CRE : 6.26, 6.1, 6.2, 6612, 6.14, 6.16, 6.17, 6.28 
supplies, impedance of : 7.3 
supplies, oscillators : 843, 844, 845 
supplies, oscillators, fluctuations in : 843 
supplies, screen and anode supply for frequency stabilisation ; &43 
aupplies, screen grid : 7.5 
supplies shift : 6.28, 6.29 
supplies, stabilised : 6.36 
valves ; - 6.33 
PRI : 7212 
Pre - pootstrap : 14.21 
modulator : 14.20 
Pre single valve : 14.22 
Preplumbing, of magnetrons : &42 
Pressure, in CRT : 6.1, 662 
Pretuning, of magnetrons : 8.35 
Primary : feed : 17.49, 17-52 
reverse and forward components : 831 
sources of radiation : 17.48, 17049, 17652, 1753 
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Principal modes : 47 
Propagation between parallel plates : 5.9 

constant : 4.17 

of filter sections ; 3.10 
of network : 303 

electromagnetic wave : 4.1 

in rectangular tubes : 5.9 
Protection of contactor coils : 6.44 
Protection of soft rhumbatron : 6642 

power supplies : 6.44 
Protective : device for quenched oscillators : &47 

devices in waveguides ; 544 
Puckle time base : 11.9 
Pulse, amplification of : 7.11 

design, considerations 14.15 

modulator : 14 

priming : 16.39 

relection 9.7 

RF reception of 16.1 

ahape : &1 

shaping : Ce ep 

suppression : 16639, 16040 

transfermer : 14.72 

with delay networks : 14.19 

with hard valve modulation : 14.18 
Pulse ~ forming network : 13.4 
Pulses : coherent : 16.2, 163 

delay line : 135-4 

distortion, of, in receiver : 16.1, 163 
Pulses : duration, choice of, 164 

high voltage : 6633 

non-coherent : 16.2 

pulse forming, network : 13.4 

vinging circuit : 13.3 

short duration, production of 13 
Push-pull : 4.38 

oscillators : - 819 

w- mode : 831, 835 
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Q=factor : 728 
of a circuit : 1.19 
of a coll 3 1.15 
of @ component : 1.16 
of resonant line : 4.27 
variation of with frequency : 1.15 
Q- of aerial array : 17045 
of half wave aerial : 17612, 1744 
of rhumbatron 16.28 
Quarter wave can: 1743 
can, skirt or Balun : 4,38 
length line : 4.27 
matching sections : 4.3, 
matching transformer : 1744 
sleeve rejector : 4.30 
transformers : 4.29, he 5k 
Quench frequency : 8.48 
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Radiation, losses, in valves : 7.24. 
resistance noise, associated with : 154 
of serial 3 17e11, 170135 17e3by 17o41, 170d 
Radio-frequency amplification : 7.8 
amplifier, ideal : 3.8 : 
amplifier, practical 3 169 
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Range : calibration : 18.5 
connections : ballistic : 18.4 
bias : 18.4 
displacement : 18.4 
zero error : 18.4 
Range : datum : 18.4 
Range displays : circular (Type T) : 18.3, 18.20 
expanded : 18.24 
flat spiral: 18.19 
plan position indicator ; 18.18 


spiral : 18.3 
Type A: 1862 
Type Bs 18.18 


Range indicator : 18.1, 182, 18.9 
indicated : 18.5 
Range marker : 18.1, 18.19 
dunkelpunkt (darkspot) 18,21 
notch : 18.9 
pedestal : 1869 
step : 18.9 
strobe (bright spot) : 18.9 
Range : maximum, of radar set : 17+19 
Range : measurement : Chap.18 
"decade" potentiometer rheostat : 18.15 
exponential potentiometer : 18.14 
exponential rheostat : 18.13 
linear concenser : 18.14 
linear resistance : 18.12 
Range potentiometer leakage effects : 18.16 
Range timebase : coarse 18.17 
fine : 16.17 to 18.21 
waveforms : exponential : 18.1, 18.2 
linear : 18.1, 18.2 
sawtcoth : 18.2, 1867, 1810 
sinusoidal : 18.1, 18.3, 18.8 
Raster : 6.17 
Ratio, damping : 1421 
Reactance : 1.11 
Reactance curves : 1.18 
Reactances stub : 4.34 
Reaction : 8.3 
Reactors, saturable : 19.14 
Receiver, centimetre wavelengths : 16.3) 
Gecimetre wavelength : 16.33 
input valves : 7625, 7.26 
meter wavelength : 16633 
radar 3: 1630 
superheterodyne : 1601, 1605, 1626, 16015, 16.30 
Receivers, differential : 19.12 
magslip : 18.11 
selsyn : 19.10 
Reception of RF pulses : 1651 
Reciprocity theorem : 167, 1714 
Recombination : 6.38 
Rectangular wave : 4.5 
Rectifier circuits : 20.2 et seq 
filter circuits + 20.1, 20.5 
Rectifiers, copper oxide : 20,2 
diode half-wave : 20.3 
Pull-wave : 20.3 
full-wave (bridge) : 20.3 
hot-cathode mercury vapour : 20.2 
mereury are + 20.2 
three-phase, full-wave : 20.4 
three-phase half-wave : 20.4 
three-phase half-wave double : 20.4 
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Recurrence frequency : constant : 8.47 
squegging oscillator : 8.47 
Recurrence rate, rotary spark 1 6.41 
Reduction factor, space charge ! 1507, 158, 1509 
Reference vector : 1.10 
Reflected impedance : 1.20 
wave 3 4,5 
Reflection at the termination : 4.8 
coefficient of ground : 17621, 17623 
Reflection, coefficient, of sea : 17.22, 17623 
of radio waves, by ground ¢ 1720, 17621, 1746, 17047 
by sea : 17020, 17.22 : 
phase change 3 47-21, 17222, 17223, 17e2h, 17225, 17.26 
rectangular wave : 4.8 
Reflecting soreen, behind aerial : 17632, 1749 
wire netting : 1733 
Reflector : 8,23 
parasitic : 17643, 1749 
potential in AFC circuits : 8.53 
Reflex klystron : 8.23 
Refraction, of electron beam : 6.12 
of radio waves in atmosphere : 17.28 
super +: 17.28 
Refractive index, and equipotential planes 3 6.12 
of ground : 17.24 
of sea: 17.22 
Regeneration : 8.42 
Regulating circuits ¢ 20.9 
Regulation voltage : 20.9 
Regulator : AC : 20.14 
alternating voltage : 20.15, 20.16 
transformers : 20.13 
Rejector cirouit : 1.19 
Relative vectcr, diagram : 1210 
Relaxation oscillators : 861 
Reliability (transmission system ) : 1823 
Remaining network : 1.12 
Removed network : 1412 
Repeats round magnetron block : 8.31 
Re-radiation by obstacle : 17.18, 17.19 
by parasitio aerial : 1741 
by receiving aerial : 17.14 
Resistance : 1.3 
coil, in series LR circuit : 2.9 
dynamic 3 1219 
differential : 7.3 
load : 4.8 
Resistance, spreading of crystal : 16.23 
Resistive elements : 1.3 
losses 3 helt, 4eh2 
potentiometers : sine grade : 196 
Resistor, field discharge : 64% 
Resistors : 13 
non=ohmic : 6043, 6045 
Resolver, capacitive : 3.17, 3.20, 3.22 
inductive : 3617) 3e19, 3020, 3021 
resistive 2: 3617, 3018, 320 
Resolving power of radar set 3 1691 
Resonance : 1619 
operation, for frequency stabilisation : 8.43 
Resonant clrouit, series : 1.18 
frequency : 1018 
lines : 4.26 
lines, and stray capacitance : 7.26 
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Resonators, application of : 5032 
Cavity : 5625 et seq 
charges and currents on internal surfaces of : 5.29 
excitation of : 5.30 
field patterns in : 5.27 
Q-factor of : 5.31 
radial time base : 11.43 
rectangular pulses production of : 95 
rectification : 12 
reflection in waveguides : 5.45 
relaxation oscillator : 10.4 
relays : 1001, 1004 
resonant wavelength of : 526 
ring filters in waveguides : 5.49 
ringing circuit to produce short pulses : 13.3 
rotary EH transformer in a waveguide : 549 
wavemeter : 5032 
Response, of video amplifiers : 7.10, 7ei1, 7042 
Restoration, DC : 264, 12.2 
Rhumbatron, field distribution in : 822 
soft : 4440 
soft, see soft rhumbatron 
double, Klystron : 8 23 
Rieke diagram : 840 
Ring potentiometer tranamission system : 186 
strapping : 835 
Ringing circuit ; &3 
269, 210 
overdamped ; 7e11 
in delay network ; 2.11 
Rising sun magnetron : 827 
Rotary converter, synchronous :° 19.14 
Rotary spark gaps : 6.39, 6.41 
Rotating joint : 4.30 
joints, effect on pulse shape ; 81 
Royal Air Force Signal Manual : 161 


Safety device : 6.44 
Sanatron : 10.10 
Saturable reactors : 19.14, 20.15 
Saturation, of receiver : 16.40 
Scattering, of radio waves by obstacle : 17.18 
Soreen current and current feedback : 7.16 
Sereen grid, its equivalent in cathode ray tube ; 6.12 
Sereen, reflecting : 17632, 17.33 
slotted in cathode ray tube : 6.18 
supply circuit : 7.15, 8.43 
Soreen balanced pair : 4.38 
Sea-clutter, 17.26 
Second order servo, zero velocity lag : 19.22 
Secondary : 1.3 
Secondary emission, from anode 6.3% : (age also electrons secondary) 
from suppressor : 6634 


Sections matching : 4.32 
quarter wave : 4s 3) 
trombone : 4.38 

Selectivity : 7.8 
and stray capacity : 7.26 
of rhumbatrons : 16.28 

Self-inductors : 1.3 
quenching : 847 
screening tuned circuit : 4.28 

Selayns : 1925, 197, 19.8 

Selsyn receivers : 19.10 
transmitters : 19-9 

Septate guide : 5.21 

Series, choke input filter : 20.6 
feedback = : 7ek, 7eth, 7016, 7222, 7023 
networks : 1.14 
resonant circuit : 1.18 

Servos : 849 
DC. t 19016 
metadyne system : 19.16 
motors & 19.16 
speed control system : 19646 
systems $ 1961, 1%13, et seq 
systems performance of : 19.17 
twoephase induction : 19.16 
WardeLeonard system : 19.16 

Shaped electrodes, spark 6.40 

Shaping pulses - 6044, 8.1, 1304 

Shield, CRT : 6.5 
mumetal ; 6,22 

Shift current : 6.29 
networks : 6.26, 7.23 
power supply : 6.28, 6.29 
voltage : 6.28, 7.23 

Short circuits : 4.1 
lengths of line : 4.2 

Shunt condenser, input filter : 20.7 

Side~bands ; 16.2, 16.3 
lobes, of aerial array : 17.30, 17037, 1742 
lobes, of cheese aerial : 1752 
lobes, of paraboloidal aerial : 17.48, 17.50, 17.53 

Signal frequency stages, number of : 16,32 
noise ratio, definition : 15.2 

deterioration in receiver : 15616 
noise ratio, minimum : for A~display s 1562, 15016, 1604, 16.314 
for PPI. display : 15.16, 16.31 
selection : 18.1, 18.6 to 188, 18.17 
principle : 186 
Signal training manuals ; 1¢1 
Simple error control : 19.19 
limitations of : 19.20 

Signed graded resistive potentiometers : 19.6 

Single-phase rectifier circuits : 20.3 
transmission systems : 1967 
shunt stub : 4654 
stream steady state : 8.28 

Sinusoidal wave : 4.5 

Skiatron : 6.9 


Go 
Cc.) 
Go 


Skin current : 4.7 
effect ;: 53 
Skirt, quarter wave : 4.38 
Sleeve rejectar : quarter wave : 4.30 
Slewing 3 19.21 
Slide-back : 9.3 
Slide-back bias : 7. 23, Joh 
Slope resistance - 7,3 
Slot aerial : 1749, 17-59 
Slot in a resonant oavity : 5030 
Slotted array : 17655, 17056 
Slotted screen - 6.18 
Slots, in waveguide ; 17.54 
radiation from ; 17054, 17655, 17656 
series connected : 17. 5h 
shunt-connected : 17¢54, 1755 
Sluga : 4.37, 4.5 
Soft rhumbatron : 4640, 6.42 
tubes, CRT : 6,17 
valves 3 6.35, 642 


Space charge barrier : 158, 1569 
distribution, in VM tubes 
limitation : 1507» 15-8 
in magnetrons : 8 25, 827, 828, &30 
in soft valves : 6.35 
reduction factor : 1567, 1568, 15-9 
Spark gap : 440 
gaps ; 6.39 
gap modulator : 4.26 
Sparking; premature : 6.40 
Spectrum amplitude of modulator wave : 16.2 
of noise in klystron : 16,28 
of rectangular pulses : 16.2 
of RF parts : 1652, 1665 
Spectrum analyser : 8&1 
continuous : 16.2 
“white” : 16.2 
Speed control system : 19.76 
Spiral timebase : 11.12, 18.19 
Split-anode magnetron : 824, 8 26 
Splitting plate : 6.25 
Spot size, on CRT : 6.12, 6.20 
Spreading resistance of orysatal : 1623 
Squegger : 8.47 
Squegging, criterion for : 847 
mechanism of : 847 
oscillator with constant recurrence frequency : 8.47 
Stabilisation, of HT - see power supplies, stabilised 
of ogcillators : 843 
of recurrence frequency : 8.47 
Stability, condition, oscillators : 847 
of RF discharge : 6.42 
of thermistors : 6.45 
Stabilovolt ; 6.36 
Stacking, of radiating elements ; 17.30 
Staggered tuning : 7.8 
in If amplifier ; 16.35 
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Standing wave : 4.13 et seq 
complete : 4.13 
effect of frequency pulling : 840, 841 
indication : 4239 
magnetron voltage pattern : 8, 31 
Standing wave, partial : 4.13 
ratio:17.53 
ratio (S™R) : 4013 
power : 4,39 
Star ~ delta transformation : 1.13 
mesh transformation, application of : 7.23 
network : 1.13 
Static errors : 19.3 
friction : 19.15 
Stationary waves and waveguides ; 5,.2h 
Steady state : 4.10 
errors : (servos) : 19.19 
Step-by-step transmission system : 19.4 
Stiction : 19.15 
Stiffness : 19.3, 19.19 
Stig control ; 6.28 
Storage fields : 4.7 
Strapping : 834, 8.35 
Striking characteristics - (thyratron) : 638 
voltage : 6637, 638 
Strip strapping ; 8.35 
Stubs : 4. 34 
Stub, double shunt : 4.54 
match, wide band : 4.38 
matching : 4e36 
matching, double : 436 
Pawsey : 4.38 
Reactances : 4.31 
Substitution theorem : 1.2 
Subtraction, by long tailed pair : 7.23 
Superposition theorem : 166, 4e4 
Superheterodyne : 16.1, 1655, 16615, 16.30 
Superregenerative receiver : 848 
explanation of high-gain : 848 
Supplementary modes : 4.7 
Supply voltages - see power supplies 
Suppression of receiver : 16.39, 16.40 
of surges : 6e4 
pulse : 16.39, 16.40 
Suppressor-grid characteristics : 6.34 
Suppressors, closely wound : 6634 
Surge impedance : 4.6 
Susceptance : 1.11 
curves : 1618 
Sutton tube : & 23 
Swept gain ;: 16.40 
Switch, electronic : 6.42 
Switches, in waveguides ; 5.44 
Switching, bridged contact ; 6.44 
circuit : 4.40 
valve : 4.40 
Synchronised sparks : 6.41 
Synchronous data transmission : 1962 
rotary converter : 19.14 
Synthesis of an H-wave : 5.7 
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Tapered feed, of aerial array : 17-37 
of cheese aerial : 17.52 
of paraboloid : 17.48 
Temperature, effect on resistance ; 6.45 
effect on soft diodes : 6.37 
thyratrons : 6.38 
of anode block, effect on frequency : 8.44 
of soft rhumbatron : 6.42 
Temporal gain : 16.40 
Termination, of cable by grounded grid valve : 7.20 
Tetrode action ; 653) 
Thermostat, for thyratrons : 6.38 
Thermostatic control, for crystals : 8418 
Thermistors : 6043, 6045 
Thermistor, as ohmic resistor : 6.45 
compensating : 6.45 
stabilisers : 20.11 
Thevenin's Theorem : 1.12 
Three-phase full-wave rectifiers: 20.4 
half-wave rectifiers : 20.4 
Three-phase half-wave double-¥ rectifiers : 2004 
Threshold voltage : 833 
Thyratron : 638 
disadvantages : 6638 
thermostat for : 6.38 
Timebase : 14 
amplitude control ; 1165 
circular : 11.12 
coarse ; 18.17 
discharge circuits : 11.8 
elliptical : 11.12 
expanded portion : 18 24 
exponential : 18.1 
fine : 18,17 
flat spiral : 18.49 
flyback : 11.2 
J-scope : 18.20 
linear : 18.2 
linearity : 11.1 
magnetic deflection : 11.11 
Miller : 11.10 
Puckle : 1169 
radial : 11.13 
sawtooth : 182 
sinusoidal : 183 
spiral : 11.12 
velocity control 1165 
Time constant, of cathode circuit in paralysis : 16.38 
of series CR circuit : 2.2, 24 
of series IR circuit : 2.6 
of series parallel CR circuit : 2.5 
s in amplifiers : 7.20, 7611, 7613, 715 
3 in cathode follower : 7.18 
screen circuit : 7.5 
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Time delay, thermistors : 6.45 
Time standards primary : 18.1 
secondary : 18.5 
Timing systems,; 1861 
Transconductance : 7¢3 ~ see also mutual conductance 
Transformation, star-delta : 1.13 
‘transformation, wide-band : 4.38 
Transformer, double half-wave : 4.54 
cathode follower as : 7.19 
to secure balanced input : 7.15 
to secure balanced output : 7.24 
variable ratio : 1907 
Transformers : 12 
balance-to-unbalance : 4.38 
Transformers, half-wave : 
impedance : 4. 34 
quarter-wave : 4.29, 4.54 
regulated 20.13 
Transient response : 7.14 
Transient time, inductance compensated video stage : 7.12 
in superregenerative circuit ; 848 
Transit time : 7.24, 7625 
éifect on oscillator : 7.25 
input conductance due to : 15.10 
poise due to ; 15210 
typical values for : 7625 
Transitron : 1005 
action of : 6.34, 811 
as sinusoidal oscillator : 811 
relaxation oscillator ; 10.6 
relay ; 10.7 
valves, suitable for : 6+ 3) 
Transmission line : 402 
Transmission line, and interelectrode capacitance ; 7.26 
and valve leads : 7.26 
electronagnetic waves on : 4e7 
Transmission lines, calculator : 4.47 
limitations of : 4.41 
long, effect on frequency : 841 
loss-free : 4.3 
Transmission systems lamp : 19.4(i) 
M-type : 19.4(i1) 
performance of : 19.3 
potentiometer and voltmeter : 1965 
ring potentiometer : 19.6 
single-phase AC : 19.7 
step-by-step : 194 
Transmitter valves - 6.33 
Trans iitters, Selsyn : 19.9 
Transverse electric waves : 56 
Transverse magnetic waves : 5.6 
Trigger electrode : 6639 
Triggered spark gap : 6.39, 640 
Triggering, mechanism of : 6.40 
methods of : 640 
Triode, grounded-grid : 16.14, 16.34 
input conductance of ; 16.14 
neutralised :; 16.34 
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Triodes, soft : 6.38 

Trombone matching section : 4.38 

Tunable magnetrons : 8.36 - 

Tuned anode oscillator : 7.7, 8.12, 85 
circuit for oscillators ; 817 
circuit, self-screening : 4.28 
grid oscillator : 8.4, 8.12 

Tuning range, of oscillators : 8.12 

Twist, coaxial : 4.2 

Twisted pair : 4.2 

Twiste in waveguides : 5.48 

Two-phase, Selsyn system : 19.8 

{Two-terminal networks, frequency characteristics of ; 1.18 
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Umcircles : 4e49 

Unbalanced line : 4.38 

Unbounded medium : 4.7 

Undamped natural engular frequency : 19.19 
frequenc’ : 19.18 

Unit function : 19.17 

Unit function response : 19.17, 19.19 

Units of deflection sensitivity : 6.17 

Univerrgal resonance curve : 1.18, 1.19 
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Valve, reactance effects of : 83 
stabilisers, hard : 20012 
neon : 20.10 
Valves, acorn : 6.33 
Valves at high frequencies : 7.24, 7-26 
doorknob : 6.33, 7625 
hard : 6.32, Ge 34 
neon : 6536 
power : 6.33 
soft : be 35, 642 
stabilivolt : 6.36 
types for receiver input : 7.625, 7.26 
Variable ratio transformer : 19.7 
Variation of line voltage or current, experimental wave : 4.5 
rectangular wave : 4.5 
sinusoidal wave : 4.5 
Vector diagrams : 1.10 
relative : 1.10 
reference : 1.10 
representation : 1.8, 4.21 
Vectors, addition and subtraction of : 1.10 
E.4.3 
Hebe 3 
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Velocity : 3 
lag t 19.19, 19.22 
modulated amplifier : 8 22 
modulated tubes : 321, &23 
tubes, density modulation in : & 22 
modulation, explanation eof : &23 
inefficiency of : 821, 8 22 
modulating tube, limitations of : 8 22 
similarity to olass C amplifier : 8, 22 
Vernier screw : 4.28 
Vibrator pacts : 20.1. - 
Video amplification : 7.9 
frequency stage, frequency response of : 16.5, 16.6 
Viscosity : 19.15 
artificial ; 19.21 
negative : 1921 
Viscous friction : 19.15 
Voltage, and current feedback, combined : 7.17 
doubler : 20.3 
doubler, for cathode ray tube supply : 6.27 
extinotion : 6.36, 6.37, 6.38, 6.42 
feedback : 7.14, 7015, 722 
multiplying cirowits : 14.37 
non-sinusoidal, application te simple circuits : 2.4 
regulation: 20,9 
Voltmeter transmission systems : 19.5 
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Wall currents in waveguides : 5.15 
Ward-Leonard system : 19.16 
Water-vapour, effect of on refraction : 17.28 
fer soft rhumbatron ; 642 
Wave, current : 4.3 
direct : 468 
experimental : 4.5 
fronts : 4.7 
guide : 42 
impedance, of free space : 17.7 
length : 4.6 
propagation, electromagnetic ;: 4.1 
rectangular : 4.5 
reflected : 4.5 
sinusoidal : 425, 46 
Waveguide feeding of aerial by : 17:49 
flared : 17.52 
modes, in cheese aerial : 17.52 
slots in: 17.5h, 17-55, 17-56 
Waveguides : advantages of at om wavelength : 5.5 
admittance of an obstacle in : 5.40 
attenuating seotion : 5.39 
attenuation coefficient : 5.5 
circular : 5.17 et seq 
choice of sHape and dimensions : 5.33 
elimination of a reflected wave : 5.42 
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Waveguides : impedances ; 5.36 
iris =: 5.43 et seq 
loss coect'ficients in : 5.23 
matching devices : 543 
reflection from irregulerity in ; 5.40 
reflectionless termination : 5.38 
reflections from termination : 5.37 
septate : 5.21 
standing wave indicator : 5.41 
stationary waves in : 5.26, 5.36 
wavelength in : 5.6 
Wavelengths in a waveguide : 5.6 
Waveneter coaxial line : 5.32 
resonant cavity : 532 
Waves : classification in circular guides : 5.19 
E in circular guides : 5.20 7 
Erm in circular guides : 5.19 
H in circular guides : 5018, 5.22 
Hmm in circular guides : 5.22 
EB in rectangular guides : 5-6 
Enm in reotangular guides : 5.16 
Hin rectanculer guides : 5.6 
Hom in rectangular guides : 5.16 
Attenuation in waveguides : 5623, 52) 
Taunching in waveguides : 5.14, 5.22 
H weve synthesis of : 5.7 
Wideeturd .4ccl cg device : 4.38 
atub watch 3 bv38 
atub support : 45h 
Wien bridgs osciilater : 8 20 
Work voltage 6, 30 


Yagi array : 17.42, 17643, 17.59 
Y network ; 14/3 
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Zero velocity lag, second order servo : 19,22 


